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Abstract—Sweetclover (Melilotus alba Desr.) contains a soluble enzyme which oxidizes phenylpyruvate with
the addition of either a natural cofactor or Mn2+ and dichlorophenol. The final product of oxidation has not
been identified. Phenylpyruvate oxidation is catalyzed also by horseradish peroxidase, and the oxidation is
enhanced by the natural cofactor from sweetclover or Mn?+ and dichlorophenol. After fractionation of
sweetclover homogenates by DEAE-~cellulose chromatography, two peaks of peroxidase activity (pyrogallol as
substrate) are apparent; both peaks also oxidize phenylpyruvate. A third peak, specific for phenylpyruvate
oxidation, also is apparent. The Cu/cu and B/b allelic pairs, which influence phenolic metabolism in sweet-
clover have little, if any, influence on peroxidase activity. An autoxidation of phenylpyruvate occurs at high
Mn?2+ concentrations.

INTRODUCTION

THE FUNCTION of peroxidase in plant cells is uncertain. It has been implicated in indole-
acetic acid (IAA) destruction® as well as in the synthesis of lignin.? The enzyme reacts
anaerobically with some substrates, e.g. guaiacol and pyrogallol, with H,0, as an electron
acceptor. Also, it will oxidize IAA upon addition of cofactors, e.g. Mn?* and 2,4-dichloro-
phenol (DCP), in place of H,0,. Several natural cofactors for the oxidative reaction have
been identified.®* Buhler and Mason® described the non-specific hydroxylation of cinnamic
acid in the presence of horseradish peroxidase and dihydroxyfumarate. Their observation
leads to the suggestion that in sweetclover (Melilotus alba Desr.), peroxidase may be re-
sponsible for the formation of o-hydroxycinnamic acid (o-HCA) from cinnamic acid.
Sweetclover contains relatively large quantities of the glucosides of cis- and trans-o-HCA,®
but attempts to detect a specific cinnamic acid o-hydroxylase in plant extracts have been
unsuccessful.”

In this paper the enzymatic oxidation of phenylpyruvate, apparently by sweetclover
peroxidase, is described. Conn and Seki® reported that an enzyme in lupine mitochondria
oxidizes phenylpyruvate to benzaldehyde and CO,. However, benzaldehyde was not
detected as a product of sweetclover preparations used in this study.

* Cooperative investigations of the Plant Science Research Division, Agricultural Research Service, U.S.
Department of Agriculture, and the Nebraska Agricultural Experiment Station. Supported in part by the
National Science Foundation (Grant No. GB-8280). Published with the approval of the Director as Paper
No. 3027, Journal Series, Nebraska Agricultural Experiment Station.
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RESULTS

Initially a disappearance of phenylpyruvate was noted upon incubation with whole
sweetclover seedlings. The incubation mixture was chromatographed on paper followed by
detection of phenylpyruvate with diazotized p-nitroaniline.® No product of the reaction was
detected.

Phenylpyruvate was lost as well upon incubation with homogenates of sweetclover
seedlings or young vegetative tissue. When such homogenates were passed through a
column of Sephadex G-25, no enzyme activity was detected in the column effluent. How-
ever, activity could be recovered upon addition of a boiled, nondeionized homogenate which
apparently contained a natural cofactor (Table 1). The boiled extract alone caused little loss

TABLE 1. PHENYLPYRUVATE OXIDATION BY A DEIONIZED SWEETCLOVER HOMOGENATE AND HORSERADISH PER-
OXIDASE USING EITHER THE NATURAL COFACTOR OR Mn?* AND DCP

NaOH assay* DNPH assayt
Incubation time Incubation time
Cofactor (min) (min)
Natural Mn?+ + DCP 0 30 30/0 0 30 30/0
Sweetclover homogenate
— 1-160 1-150 0-99 0-441 0-441 1-00
-+ — 1-200 1-097 0-91 0-466 0-432 093
— + 1-178 0950 081 0-478 0371 0-78
Horseradish peroxidase
— — 1-198 1-105 0-92 0-445 0-405 0-91
+ - 1-223 1-030 0-84 0425 0371 0-87
— + 1-200 0-881 0-73 0-435 0-320 0-74

* Absorbance of reaction mixture at 320 nm after addition of NaOH.
1 Absorbance at 380 nm of 2,4-dinitrophenylhydrazones in Na,CO; solution.

of phenylpyruvate. Cofactor activity was detected only in fresh shoot homogenates which
had been allowed to stand at 5° overnight before boiling, or in boiled homogenates pre-
pared from frozen shoots. The cofactor present in the boiled homogenate was not extracted
with ether at any pH, nor was it recovered after fractionation of the homogenate on a
Sephadex G-25 column. Low concentrations of Mn?* and DCP effectively replaced the
natural cofactor (Table 1). Additionally oxygen was required for activity. If the reaction
volume was increased to 5 ml (from 0-2 ml), little phenylpyruvate was lost unless the
mixture was aerated. The borate buffer used in the reaction mixture is known to complex
with phenylpyruvate,!° but this buffer was not essential for the reaction. The enzyme was
most active at pH §-5.

Phenylpyruvate disappearance was followed by adding NaOH to the reaction mixture
and measuring absorbance at 320 nm, the approximate absorption maximum of this
compound in base. With the decrease in absorbance at 320 nm, a new maximum appeared at
250 nm (Fig. 1). This new peak was detected in acid or neutral solutions of the reaction

? 0. L. GAMBORG, L. R. WELTER and A. C. NeisH, Phytochem. 1, 159 (1962).
10 w. E. Knox and B. M. PrtT, J. Biol. Chem, 225, 675 (1957).
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FI1G. 1. CHANGE IN ABSORPTION SPECTRUM OF REACTION MIXTURE EFFECTED BY 30 min INCUBATION
WITH SWEETCLOVER HOMOGENATE AND HORSERADISH PEROXIDASE.

mixture as well as in base. However, the relationship between the loss at 320 nm and the
increase at 250 nm did not remain constant with increasing time of reaction. Possibly the
250 nm-absorbing substance was an unstable intermediate of phenylpyruvate oxidation.
Attempts to extract the substance into ether from acidic, basic, or neutral solutions were
unsuccessful, as were attempts to recover it from a Sephadex G-25 column. Benzaldehyde
has an absorption maximum near 250 nm, but unlike the 250 nm-absorbing substance
encountered here, benzaldehyde was readily extracted into ether from an acidic solution.
The possibility that benzaldehyde may have been converted rapidly to other products,
thereby escaping detection, was discounted by the observation that no apparent loss of
benzaldehyde added to the reaction mixture occurred.

Phenylpyruvate also was measured with the carbonyl reagent, 2,4-dinitrophenylhydra-
zine (DNPH). As shown in Table 1, both methods of assay indicated similar losses of
phenylpyruvate. This was true with either the natural cofactor or Mn?* and DCP. Upon
reaction with DNPH, successive samples of a phenylpyruvate oxidation mixture displayed a
visible decrease in quantity of insoluble 2,4-dinitrophenylhydrazones. This decrease paral-
leled the loss indicated by the colorimetric assay of 2,4-dinitrophenylhydrazones following
ether and Na,COj, extraction. It is noteworthy that reaction of benzaldehyde with DNPH
produced an insoluble 2,4-dinitrophenylhydrazone. Thus, if benzaldehyde were a principal
product of phenylpyruvate oxidation, the aforementioned decrease in quantity of insoluble
2,4-dinitrophenylhydrazones probably would not have occurred. The product formed by
reacting benzaldehyde with DNPH was soluble in ether, but it remained in the ether phase
during extraction with Na,CO; solution. Therefore, this product, if present, would not have
interfered with the colorimetric assay of phenylpyruvate.

Mn?* and DCP, which serve as cofactors for phenylpyruvate oxidation, also are used in
peroxidase systems.!**1! Accordingly horseradish peroxidase was tested for its ability to
oxidize phenylpyruvate. Like the sweetclover enzyme, horseradish peroxidase effected an
increase in absorbance at 250 nm and a decrease at 320 nm (Fig. 1). The horseradish
peroxidase also oxidized phenylpyruvate with the natural cofactor from sweetclover
(Table 1).

11 B 7. SieceL and A. W. GALSTON, Science 157, 1557 (1967).
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Nonenzymatic loss of phenylpyruvate was first observed in an experiment concerning
optimal levels of the cofactors. At the concentration used in typical incubations with enzyme
preparations, Mn2* produced little loss of phenylpyruvate, but a 10-fold increase in that
concentration resulted in appreciable nonenzymatic loss (Table 2). This loss was indicated

TABLE 2. EFFect oF Mn?* AND DCP ON THE OXIDATION OF PHENYLPYRUVATE WITHOUT ADDITION OF ENZYME

NaOH assay* DNPH assayt
Incubation time Incubation time
Cofactor (M) {min) (min)
Mn2+* DCP 0 30 30/0 0 30 30/0
- - 1-135 1-135 1-00 0-430 0-435 1-01
5% 10°¢ - 1-140 1-110 097 0-420 0410 0-98
5 x 10-5 — 1-148 0-830 072 0-425 0-330 078
— 9 x 10-3 1-152 1-150 1-00 0-430 0-420 0-98
5 x 10-¢ 9 x 10-% 1-145 1-110 097 0-412 0-415 1-00

* Absorbance of reaction mixture at 320 nm after addition of NaOH.
1 Absorbance at 380 nm of 2,4-dinitrophenylhydrazones in Na,COj solution.

by a decrease in absorbance at 320 nm and was accompanied by an increase at 250 nm, as
in the case of oxidation with enzyme. Also, as in enzymatic oxidation, the product of the
nonenzymatic destruction failed to react with DNPH.

A kinetic study of phenylpyruvate oxidation was not made because activity was not
linear with the amount of enzyme added to the reaction mixture. The nonlinearity varied
with different enzyme preparations and incubation conditions. With pyrogallol as the
substrate, however, activity was linear with enzyme concentration and incubation time;
thus, the enzyme could be quantitatively assayed.

To investigate the possible occurrence of multiple forms of peroxidase, sweetclover
homogenates were fractionated on columns of DEAE-cellulose, and the resulting fractions
were assayed for activity with both phenylpyruvate and pyrogallol as substrates. A NaCl
gradient was used for elution. Based on assay with pyrogallol, two peaks of peroxidase
activity were apparent in the column effluent (Fig. 2a). Both peaks were active in oxidizing
phenylpyruvate. In experimentsemploying ammoniumsulfate precipitation priorto fractiona-
tion with DEAE—cellulose, both peaks precipitated at 65-80 9 ammonium sulfate saturation.

The fractions beyond peroxidase peak II appeared to react with phenylpyruvate but not
with pyrogallol (Fig. 2a). A possible explanation is the presence of a separate protein
capable of oxidizing only phenylpyruvate. When the 5065 %, ammonium sulfate precipitate,
which displayed little activity against pyrogallol, was fractionated on a DEAE—cellulose
column, a separate phenylpyruvate oxidase peak (peak III) was plainly evident (Fig. 2b).
The peak I1I activity differed from the activities in peaks I and II by its inability to react
with pyrogallol (or, as shown in other tests, with guaiacol) and by its failure to oxidize
phenylpyruvate in the presence of the natural cofactor. Additional experiments indicated
that the product of the peak Ill-catalyzed oxidation of phenylpyruvate, like that from
phenylpyruvate oxidations catalyzed by peaks I and II, failed to react with DNPH.

The effects of two independent allelic pairs, Cu/cu and B/b, on 0-HCA metabolism in
sweetclover have been described.® CuCu plants are high in content of the glucosides of
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FiG. 2 (a). PEROXIDASE AND PHENYLPYRUVATE OXIDASE ACTIVITY IN FRACTIONS FROM DEAE-
CELLULOSE CHROMATOGRAPHY OF A HOMOGENATE FROM SWEETCLOVER. (b) PEROXIDASE AND
PHENYLPYRUVATE OXIDASE ACTIVITY IN FRACTIONS FROM DEAE-CELLULOSE COLUMN CHROMATO-
GRAPHY OF THE 50-65%;, AMMONIUM SULFATE PRECIPITATE OF A SWEETCLOVER HOMOGENATE.
Enzyme activity using phenylpyruvate as substrate (measured by NaOH assay) was determined as
given in Experimental except a 0-025-ml sample of each fraction was used. Activity is the loss in
absorbance at 320 nm. Enzyme activity using pyrogallol as substrate was measured with the assay
given in Experimental except 0-05 ml of each fraction was used. Protein was measured in 0-4 ml of
each fraction using 2 ml of Lowry reagent and recording absorbance at 500 nm.

cis- and trans-o-HCA in comparison with cucu plants. Results of isotope feeding experi-
ments indicate that the Cu/cu alleles are concerned with the o-hydroxylation of cinnamic
acid.!? BB plants contain a B-glucosidase which, under suitable conditions, is highly active
in hydrolyzing the glucoside of cis-o-HCA ; bb plants contain little, if any, of this enzyme.!3
Peroxidase activity was measured in DEAE—cellulose-fractionated tissue homogenates from
the four homozygous sweetclover lines, CuCuBB, CuCubb, cucuBB, and cucubb. Activity in
peaks I and IT was assayed with pyrogallol as the substrate (Table 3). Differences were not

TABLE 3. PEROXIDASE ACTIVITY IN FIRST AND SECOND PEAKS
AFTER FRACTIONATION ON DEAE—CELLULOSE OF THE HOMOGEN-
ATES FROM FOUR GENOTYPES OF SWEETCLOVER

Peroxidase activity*
Genotype Peak I Peak II
CuCuBB 1-31 0-41
CuCubb 1-30 0-51
cucuBB 1-59 0-64
cucubb 1-60 0-70

* Change in O.D./min/mg of protein added to DEAE-
cellulose column.

12 F, A. Haskins and T. KoSUGE, Genetics 52, 1059 (1965).
13 F, A. Haskins and H. J. Gorz, Genetics 51, 733 (1965).
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sufficient to indicate a large effect of the Cu/cu and B/b allelic pairs on level of peroxidase
activity. Peak I contained considerably more activity than peak II in all lines, although this
relationship varied, depending on the growth conditions of the tissue. Peak III, which
specifically oxidized phenylpyruvate, was also present in all genotypes, but previously
mentioned problems with reaction kinetics prevented quantitative measurements with this
substrate.

DISCUSSION

Following chromatography of sweetclover homogenates on DEAE-cellulose, the frac-
tions containing peroxidase activity also display phenylpyruvate oxidase activity. The
cofactors needed in the phenylpyruvate oxidase reaction resemble those used in the oxida-
tion of IAA by peroxidase. Commercial horseradish peroxidase can replace the sweetclover
homogenate in the phenylpyruvate oxidase reaction. Taken together, these observations
support the conclusion that sweetclover peroxidase can oxidize phenylpyruvate.

Phenylpyruvate also undergoes nonenzymatic oxidation if relatively high concentrations
of Mn?* are present. The product produced in the nonenzymatic reaction has not been
distinguished from the one produced by peroxidase. In both cases, the product appears not
to react with DNPH. Thus, benzaldehyde, which Conn and Seki® identified as a product
of phenylpyruvate oxidation by a preparation of lupine mitochondria, appears not to be
formed in the reaction catalyzed by the soluble sweetclover preparations used in the present
work. The autoxidation of phenylpyruvate was noted by Taniguchi and Armstrong!* who,
because of the strong, characteristic odor arising from the reaction, suggested that phenyl-
acetic acid was the product. However, no phenylacetic acid odor was detected in the
reaction mixtures used in this study.

In its requirement for Mn** and DCP and its failure to react with the usual peroxidase
substrates, pyrogallol and guaiacol, the peak III phenylpyruvate oxidase of sweetclover
resembles the specific IAA oxidase found in tobacco roots.!® Possibly these specific oxidases
are artifacts due to elimination of the heme group during extraction; the hemedeficient
apoenzymes may be incapable of reacting with the usual peroxidase substrates.*!

The absence of large differences in peroxidase activity between CuCu and cucu plants,
which are high and low, respectively, in 0-HCA, suggests that peroxidase is not important in
the o-hydroxylation of cinnamic acid. The biological significance of peroxidase in sweet-
clover remains unclear. It might be speculated that by destroying phenylpyruvate, peroxi-
dase helps to prevent the accumulation of excessive quantities of phenolic compounds, but
there is no direct evidence to support this speculation.

EXPERIMENTAL

Preparation of homogenates. Homogenates were made from the top 1-5 cm of field-grown sweetclover
shoots. Fresh tissue (2 g) was ground in a cold mortar with 15 ml of 0-05 M borate buffer, pH 8-5, and a
small amount of washed sea sand. The homogenates were centrifuged at 17,000 g for 10 min at 0°, The
resulting supernatant fractions were added to Sephadex G-25 columns, 22 X 32 cm, which were then
washed with 0-01 M borate buffer, pH 8-5. Activity was eluted from the column in the exclusion volume.

Fractionation of homogenates. Enzyme-containing fractions (10 ml total) from the Sephadex G-25
column were added to a DEAE-cellulose column, 1 X 15cm, packed under atmospheric pressure. The
DEAE-cellulose, prepared according to the method of Peterson and Sober,!® was eluted by a NaCl gradient

14 K. TaniGUcHI and M. D. ARMSTRONG, J. Biol. Chem. 238, 4091 (1963).

15 L. SeQUEIRA and L. MiNgo, Plant Physiol. 41, 1200 (1966).

16 B, A. PerersoN and H. A. SOBER, in Methods in Enzymology (edited by S. P. CoLowick and N, O.
KAPLAN), Vol. 5, p. 3, Academic Press, New York (1964).
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formed by siphoning 150 ml of 0-01 M borate buffer, pH 85, containing 1-0 M NaCl, into 150 ml of 0-01 M
borate buffer, pH 8-5, which was flowing to the column. The fractionation was done at 2°; fractions of 5 ml
were collected. Protein was measured by the Lowry method.}”?

A homogenate which had been centrifuged but not deionized was used for (NH,),SO, precipitation. The
50-65 9, cut was washed through a Sephadex G-25 column with 0-01 M borate buffer, pH 8-5, before frac-
tionation on a DEAE-~celiulose column,

Enzyme assay. The reaction mixture (vol. 0-2 ml) for measuring phenylpyruvate oxidase activity con-
tained the following: 10~3 M phenylpyruvate, 9 X 10-*M DCP, 5§ x 10~ M MnCl,, and 3 X 1072 M
borate, pH 8:5. A 0-01-ml sample of the deionized enzyme preparation was used. Incubation time was
30 min; incubation temperature was 30°. In the “NaOH’ assay of phenylpyruvate,® the reaction was stopped
by adding 2-0 m] of 1 N NaOH, and absorbance was measured at 320 nm with a Beckman DB-G recording
spectrophotometer.

The ‘DNPH’ assay was based on the procedure of Bonting'® for pyruvic acid. To stop the reaction
(same mixture as indicated in the preceding paragraph), 0-4 mi of 0-1%, DNPH in 4 N HCl was mixed with
the reaction constituents. After 5 min, 2 ml of ethyl ether was added and the mixture was shaken for 15 sec.
A 1-ml sample of the ether phase was then shaken with 2 ml of 109, Na,CQ; for 15 sec, and the ether phase
was removed by suction. The absorbance of the carbonate phase was read at 380 nm.

For peroxidase assay, the reaction mixture contained the following in a volume of 1-1 ml: 1-8 X 102 M
pyrogaliol, 1-4 x 10~3 M H,0,, and 2-3 x 10-2 M borate, pH 8-5. A 0-025-ml sample of the deionized
homogenate was used. Incubation time was 1 min, and incubation temperature was 30°. The reaction was
stopped by the addition of 1 ml of 5 N H,SO,, and absorbance was read at 430 nm. For peroxidase assay of
the 4 sweetclover genotypes, activity in each fraction from a DEAE—cellulose column was measured, and
activities were added to give totals for peaks I and TI of each genotype.

Extraction of natural cofactor. Frozen sweetclover shoots (1 g), following storage in a freezer for about
1 month, were ground in 7-5 ml H,0, and the homogenate was centrifuged at 17,000 g for 10 min. The
supernatant fluid was boiled for 5 min to destroy enzyme activity, and the preparation was recentrifuged.
The resulting supernatant was diluted with an equal volume of H,0O. When the natural activator was used in
assays, 0-01 ml of this diluted solution was added to the reaction mixture in place of Mn?+ and DCP.

Materials. Derivation of the four sweetclover genotypes, CuCuBB, CuCubb, cucuBB, and cucubb, has
been described previously.!® Pyrogallol was purchased from Fisher Chemicals and horseradish peroxidase
and B-phenylpyruvic acid from Sigma Chemicals. Horseradish peroxidase was diluted to 0-6 mg/50 ml in
water to provide a preparation with approximately the same activity per ml as the sweetclover homogenate.
Other chemicals were obtained from usual commercial sources.
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