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ABSTRACT

The kinetic and spectral properties of peroxidases A and
B from the dwarf tomato plant were compared. The absolute
absorption spectra were essentially the same for peroxidases
A and B and their derivatives. Peroxidases A and B had dif-
ferent pH optima with guaiacol as the hydrogen donor but
essentially the same optimum when pyrogallol was the sub-
strate. The substrate concentrations required for optimum
activity were different not only for the different substrates
but also for each isoenzyme. When pyrogallol was used as
the substrate, peroxidases A and B were 80% active when
assayed under conditions optimal for the other isoenzyme.
When guaiacol was used as the substrate, peroxidase A was
completely inactive when assayed under conditions optimal
for peroxidase B. In this case the pH was not optimum and
the H202 concentration was inhibitory. Similarly, per-
oxidase B retained only 9% of its peroxidase activity toward
guaiacol when assayed under conditions optimum for per-
oxidase A. In this case the pH was not optimum and the H202
was limiting. A possible role for peroxidase isoenzymes is
discussed.

The reasons for the existence of peroxidase isoenzymes have
not yet been established. As a step toward providing a rationale
for their physiological significance, we have characterized differ-
ences in 2 of the 12 discrete peroxidase isoenzymes previously
identified in the extreme dwarf tomato shoot (3). Large differ-
ences in activity occur depending on the hydrogen donor substrate
and the reaction conditions. The 2 peroxidases, isoenzymes
A and B, were separated and purified in sufficient quantities to
permit spectral and kinetic studies. Purification was based on
the fact that these 2 major water-soluble peroxidases in the ex-
treme dwarf tomato plant migrate at different rates toward the
anode during electrophoresis at pH 8.8 (3, 4). Studies were lim-
ited to the use of pyrogallol and guaiacol as the hydrogen do-
nor substrates.

MATERIALS AND METHODS2

Peroxidase isoenzymes A and B from the extreme dwarf to-
mato plant were separated and purified as previously described,

1 National Research Council Postdoctoral Research Associate.
2 Reference to a company or product name does not imply endorse-

ment by the United States Department of Agriculture to the exclusion
of others which may also be suitable.

utilizing starch gel electrophoresis (3). All spectral and kinetic
data were obtained from peroxidase isoenzymes separated by that
procedure. Subsequently, it was found that peroxidases A and B
could be obtained in larger quantities with greater ease by
preparative continuous flow, carrier-free electrophoresis, utiliz-
ing sucrose to increase the density of the separating buffer (4).
The RZ values, absorbancy ratio 405 nm/280 nm (20), for

peroxidase isoenzymes A and B were 1.6 and 1.0, respectively,
at pH 5.5.

Spectral Deterninations. The absolute absorption spectra of
the peroxidase isoenzyme preparations and their derivatives were
recorded, using a Bausch and Lomb Spectronic 600 spectro-
photometer equipped with a Sargent model SRL recorder at a
scan rate of 250 nm/min.
The peroxidase solutions were dialyzed against 0.025 M phos-

phate buffer at pH 5.5. Aliquots of 0.6 ml of the peroxidase solu-
tions were placed in microcell cuvettes having a 1-cm light path
and a capacity of 1 ml. Native or oxidized peroxidase consisted
of the untreated peroxidase solutions. Reduced peroxidase was
prepared by adding a few crystals of sodium dithionite to the
peroxidase solutions. Reduced CO peroxidase was prepared by
bubbling CO through the reduced peroxidase solutions for 60
sec. Alkaline peroxidase was prepared by adjusting the native
peroxidase solutions to pH 10 with NaOH.
The reduced pyridine hemochromogens of the peroxidases were

prepared using the technique of Morrison and Horie (16) with
slight modification. Aliquots of 0.05 ml of 1 N NaOH and 0.2 ml
of pyridine were added to 0.6 ml of the peroxidase solutions. A
few crystals of dithionite were added to complete the reduction,
and the absorbancy was then determined.

Kinetic Deterninations. Baker reagent grade 30% H202 was
freshly diluted, and peroxide concentration was determined by
Kingzett's iodide method (11). Pyrogallol solutions were pre-
pared fresh daily with Baker reagent grade pyrogallol. Guaiacol
was obtained from the Aldrich Chemical Company, Inc., and
was distilled in an 8 mm (internal diameter) X 61 cm long
vacuum-jacketed, platinum spinning band column. The cut boil-
ing at 94 to 960 (20 mm mercury) was used. At this head tempera-
ture the pot temperature was 1040. The crystalline guaiacol so
obtained had a melting point of 28 to 290 and a refractive index of
1.5435.
The peroxidations of pyrogallol and guaiacol were followed at

250 in a Beckman DK-2A ratio recording spectrophotometer at
430 and 470 nm, respectively (2). The reactions were carried out
in a total volume of 2.4 ml, and reaction rates were determined
when they were linear with time. Under optimal conditions, all
reactions proceeded at a rate of 0.2 to 0.3 OD/min.
The pH optima of peroxidases A and B were determined with

acetate buffers from pH 3.5 to 5.5, phosphate buffers from pH
5.5 to 8.0, and tris-HCl buffers from 8.0 to 9.0. Protein was de-
termined by the method of Lowry et al. (13), with bovine serum
albumin as the standard.
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FIG. 1. Absolute absorption spectra of peroxidases A and B in

the oxidized, reduced, CO-reduced, and alkaline states.
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FIG. 2. Absorption spectra of the pyridine hemochromogens for
peroxidases A and B.

RESULTS

Figure 1 shows the absolute absorption spectra of peroxidases
A and B in the oxidized, reduced, CO-reduced, and alkaline
states. Both isoenzymes had an absorption maximum in the
Soret region at 405 nm in the oxidized or native form. Absorption
maxima at 435 and 556 nm were evident for peroxidases A and B
in the reduced state while both had absorption maxima at 424,
547, and 573 nm in the CO-reduced state. In the alkaline state,
peroxidase A had an absorption maximum at 412 nm and per-
oxidase B at 418 nm. The absorption spectra of the pyridine

hemochromogens for peroxidases A and B are shown in Fig. 2.
Absorption maxima occur at 397, 420, 527, and 558 nm. As can
be seen, peroxidases A and B and their derivatives were almost
identical to each other in their absorption spectra and very simi-
lar to the absorption spectra of other peroxidases and hemin
(6, 9, 14, 22).
The pH optima for peroxidases A and B with pyrogallol as

substrate were very similar, but when guaiacol was used as the
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FIG. 3. pH optima for peroxidases A and B with pyrogallol and

guaiacol as substrates. See Table I for assay conditions.

Table I. Optimal Conditions for Peroxidases A and B with
Pyrogallol and Guaiacol as Substrates

The incubation mixture had a total volume of 2.4 ml.

Pyrogallol Guaiacol

Peroxidase Peroxidase Peroxidase Peroxidase
A B A B

Pyrogallol (,emoles) 5 5
Guaiacol (.imoles) ... ... 100 40
H202 (,imoles) 2 5 1 10
Protein (jug) 0.33 0.29 0.22 0.09
100 ,umoles of buffer 7.75 7.5 7.75 5.5

(pH)

0.6

0.4

0.2

V
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Table II. Specific Activities of Peroxidases A and B with
Pyrogallol and Guaiacol as Substrates

The assay conditions are described in Table I.

Specific Activity
Peroxidase Guaiacol Ratio

Pyrogallol Guaiacol

,nmoles substrate utiizedl/mg protein X mix

A 1600 500 3.2
B 3400 1300 2.6

Maehly and Chance (15).

PYROGALLOL (mM)

40

GUAIACOL (mM)

FIG. 4. Effect of substrate (hydrogen donor) concentration on

peroxidase isoenzyme activity. Conditions for the assays are given in
Table I.

substrate the optima were very different (Fig. 3). The pH opti-
mum for peroxidase A was the same for both substrates, but that
for peroxidase B was about 2 pH units lower with guaiacol than
with pyrogallol as the substrate.

Peroxidases A and B had different substrate (hydrogen donor)
and H202 concentration requirements for maximal activity.
Table I lists the conditions necessary for maximal activity for
peroxidases A and B with pyrogallol and guaiacol as substrates.
All subsequent data were obtained from assays carried out under
the conditions listed in Table I.

The specific activities of peroxidases A and B with pyrogallol
and guaiacol as substrates are shown in Table II. The ratios of
pyrogallol to guaiacol utilized with both peroxidases were very

similar and indicated a slight degree of substrate specificity.
Peroxidases A and B were about three times more "efficient"
when pyrogailol was used as the substrate.
The effect of substrate (hydrogen donor) concentration on

peroxidase isoenzyme activity is shown in Fig. 4. Both peroxi-
dases A and B attained maximum activity with pyrogallol as the
substrate at a concentration of 2 mm. When guaiacol was used as
the substrate, peroxidases A and B had different substrate con-
centration requirements for maximum activity. Peroxidase A
required 42 mm guaiacol for maximum activity while peroxidase
B required a concentration of 17 mm guaiacol.
As indicated in Table I, peroxidases A and B required different

H202 concentrations for maximal activity. Figure 5 shows the
effect of various concentrations of H202 on peroxidase A and B
activities with pyrogallol and guaiacol as hydrogen donors. With
pyrogallcl as the substrate, peroxidases A and B showed maximal
activities at similar H202 concentrations. As the H202 concen-
tration was increased above that for maximal activity, peroxi-
dases A and B were gradually inhibited but still retained about
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FIG. 5. Effect of H202 concentration on peroxidases A and B with

pyrogallol and guaiacol as hydrogen donors. Conditions for the
assays are given in Table I.

Table III. Activities of Peroxidases A and B with Pyrogallol and
Guaiacol When Assayed under Conditions Optimal for

Peroxidases B and A, Respectively
The optimal assay conditions are given in Table I.

Pyrogallol Guaiacol

Conditions Optimal Relative activity of Relative activity of peroxidase
for Peroxidase peroxidase

A B A B

A 1.0 0.8 1.0 0.09
B 0.8 1.0 0 1.0

1.0

0.8

0.6

0.4

> 0.2

>
~1.0

I-
> 1.0

1-I

LU 0.8

0.6

0.4

0.2
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50%C of their activity at H202 concentrations of 16 mm. When
guaiacol was used as the substrate peroxidase B had about the
same H202 requirement for maximal activity as with pyrogallol
as substrate but was only 30% inhibited at an H202 concentration
of 16 mM. Peroxidase A, however, was quite different in that
maximum activity occurred at an H202 concentration that was

less than half that required foi peroxidase B. In addition, as the
H202 concentration was increased above the amount required for
maximal activity, peroxidase A was sharply inhibited. At H202
concentrations optimal for peroxidase B activity, peroxidase A
was inhibited 50 to 70%. Peroxidase A retained only about 10%
of its activity at an H202 concentration of 12 mm while peroxidase
B was still 80% active.

Since peroxidases A and B had different H202 requirements and
pH optima with the different substrates for maximal activity, it
was of interest to see how active one peroxidase would be under
the optimal conditions of the other peroxidase. Peroxidase A,
therefore, was assayed under conditions that were optimal for
peroxidase B and peroxidase B was assayed under conditions
that were optimal for peroxidase A with the two substrates. The
results are shown in Table III. When pyrogallol was used as the
substrate, peroxidases A and B were still 80%7 active when as-

sayed under conditions optimal for peroxidases B and A, respec-
tively. This would be expected since the pH optima and H202
requirements were similar. When guaiacol was used as the sub-
strate, peroxidase A was completely inactive when assayed under
conditions optimal for peroxidase B. In this case the pH was not
optimal and the H202 concentration was inhibitory. Similarly,
peroxidase B retained only 9% of its peroxidase activity toward
guaiacol when assayed under conditions optimal for peroxidase
A. In this case, the pH was not optimal and the H202 was limiting.

DISCUSSION

In a previous publication (5), it was shown by starch gel elec-
trophoresis that various tissues and organs of the tomato plant
contained different complements of peroxidase isoenzymes. When
the starch gels were stained for peroxidase activity with 0.1 M

pyrogallol or guaiacol and 5 mM H202 at pH 5.5, peroxidase A
would not stain when guaiacol was used as the hydrogen donor.
It was therefore suggested that this might be due to substrate
specificity. The present results show that the lack of peroxidase A
activity in the starch gel with guaiacol was primarily due to an
inhibition of the enzyme due to the pH and H202 concentration.
Peroxidase B was 100% active under the same conditions. Dif-
ferential staining of peroxidase isoenzymes with varying H202
concentrations has also been observed for bean peroxidase iso-
enzymes separated by disk electrophoresis (17). Similarly, per-
oxidase isoenzymes from wheat demonstrated varying activities
toward p-phenylenediamine and guaiacol after starch gel electro-
phoresis (18).
The tomato peroxidase isoenzymes A and B were both capable

of oxidizing pyrogallol and guaiacol in the presence of H202.
Peroxidases A and B had essentially the same substrate require-
ments for maximal activity when pyrogallol was used as the sub-
strate. However, when guaiacol was used as the hydrogen donor,
peroxidases A and B had different hydrogen ion and H202 re-
quirements for maximal activity. This is not unusual since other
peroxidase isoenzymes from various plant sources have been
shown to differ in their substrate requirements (8-10, 12, 17-19).
Peroxidase A, however, was completely inhibited at pH 5.5 under
the optimal substrate conditions for peroxidase B, while peroxi-
dase B was less than 10% active at pH 7.75 under the optimal
substrate conditions for peroxidase A. This suggests a possible
role for peroxidase isoenzymes in that one isoenzyme is com-
pletely inactive under conditions optimal for another isoenzyme
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with a given substrate. It is not unreasonable to speculate that
specific peroxidase isoenzymes are synthesized by specific tissues
or organs in accordance with or response to the cellular environ-
ment and availability of specific substrates. Peroxidase B, for
example, could operate very well under acidic conditions with a
guaiacol-type substrate. The tomato fruit provides an acidic en-

vironment (1, 21) and, of the 12 peroxidases found in the tomato
plant, peroxidase B is the only one found in the fruit (5). Peroxi-
dase A is found in the epidermis, xylem, phloem fibers, and
collenchyma cells of the tomato shoot (7), but the biochemical
environment and the identity and availability of the natural sub-
strate(s) are not known.
The fact that the various tissues and organs contain different

complements of peroxidase isoenzymes and the large difference
in activity found for the two separated isoenzymes imply a pur-

pose rather than an accident of synthesis that yields merely a

difference in electrophoretic behavior.

Acknowledgments-The author thanks E. F. Jansen, H. Lineweaver, A. C. Olson,
and S. Schwimmner for valuable discussion and suggestions during the preparation of
this manuscript.

LITERATURE CITED

1. BOHART, G. S. 1940. Studies of Western tomatoes. Food Res. 5: 469-486'
2. CHANCE, B. AND A. C. MAEHLY. 1955. Assay of catalases and peroxidases'

In: S. P. Colowick and N. 0. Kaplan, eds., Methods in Enzymology, Vol. II.

Academic Press, New York. pp. 764-775.
3. EVANS, J. J. 1968. Peroxidases from the extreme dwarf tomato plant. Identi-

fication, isolation, and partial purification. Plant Physiol. 43: 1037-1041.
4. EVANS, J. J. 1969. Increased buffer density as a means of separating peroxidase

isoenzymes by preparative continuous-flow carrier-free electrophoresis. Anal.
Biochem. 32: 101-105.

5. EVANS, J. J. AND N. A. ALLDRIDGE. 1965. The distribution of peroxidases in
extreme dwarf and normal tomato. Phytochemistry 4: 499-503.

6. GALLAGHER, W. A. AND W. B. ELUOT1. 1965. The formation of pyridine
haemochromogen. Biochem. J. 97: 187-193.

7. GORDON, A. R. 1968. Histochemical localization by differential inactivation
of peroxidase isoenzymes and changes in isoenzyme distribution during develop-
ment and wound healing in tomato stem. Ph.D. dissertation. Case Western
Reserve University, Cleveland.

8. HosoYA, T. 1960. Turnip peroxidase. 1. Purification and Physico-chemical
properties of multiple components in turnip peroxidase. J. Biochem. 47: 369-
381.

9. KAWASHIMA, N. AND I. UIuTANI. 1965. Some properties of peroxidase pro-

duced in sweet potato infected by the black rot fungus. Plant Cell Physiol. 6:
247-265.

10. KAY, E., L. M. SHANNON, AND J. Y. LEW. 1967. Peroxidase isoenzymes from
horseradish roots. II. Catalytic properties. J. Biol. Chem. 242: 2470-2473.

11. KINGZEIr, C. T. 1880. Report on the atmospheric oxidation of phosphorus
and some reactions of ozone and hydric peroxide. J. Chem. Soc. 37: 792-807.

12. KON, S. AND J. R. WHITAKER. 1965. Separation and partial characterization
of the peroxidases ofFicus glabrata latex. J. Food Sci. 30: 977-985.

13. LOWRY, 0. H., N. J. ROSEBROUGH, A. L. FARR, AND R. J. RANDALL. 1951.
Protein measurement with the Folin phenol reagent. J. Biol. Chem. 193: 265-
275.

14. MAEHLY, A. C. 1955. Plant peroxidase. In: S. P. Colowick and N. 0. Kaplan,
eds., Methods in Enzymology, Vol. II. Academic Press, New York. pp. 801-813.

15. MAEHLY, A. C. AND B. CHANCE. 1954. The assay of catalases and peroxidases.
In: I. D. Glick, ed., Methods of Biochemical Analysis, Vol. 1. Interscience
Publishers, Inc., New York. pp. 357-408.

16. MORMON, M. AND S. HoRIE 1965. Determination of heme a concentration
in cytochrome preparations by hemochromogen method. Anal. Biochem. 12:
77-82.

17. NOVACKY, A. AND R. E. HAMPTON. 1968. The effect of substrate concentration
on the visualization of isoperoxidases in disc electrophoresis. Phytochemistry
7: 1143-1145.

18. PARISH, R. W. 1969. Studies on wheat peroxidase. Aust. J. Biol. Sci. 22: 261-
266.

19. SHIN, M. AND W. NAKAMURA. 1962. Indoleacetic acid oxidase activity of wheat
peroxidase. J. Biochem. 52: 444-451.

20. THEORELL, H. AND A. MAEHLY. 1950. Untersuchungen an kuinslichen Peroxy-
dasen. Acta Chem. Scand. 4: 422-434.

21. VILLARREAL, F., B. S. LUH, AND S. J. LEONARD. 1960. Influence of ripeness
level on organic acids in canned tomato juice. Food Technol. 14: 176-179.

22. YONETANi, T. AND G. S. RAY. 1965. Studies on cytochrome c peroxidase. I.

Purification and some properties. J. Biol. Chem. 240: 4503-4508.

Plant Physiol. Vol. 45, 1970


