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A transaminase (aminotransferase, EC 2. 6. 1) was extracted and

purified approximately 148-fold from shoot tips of pea (Pisum sativum

L. cv. Alaska) seedlings and some properties of the enzyme were

determined. The purification included acetone precipitation followed

by column chromatogi-aphy on hydroxylapatite.

With a-ketoglutarate as co-substrate, the acetone precipitated

preparation of the enzyme transaminated the following aromatic amino

acids: D, L-tryptophan, D, L-tyrosine and D, L-phenylalanine; as well

as the following aliphatic amino acids: D, L-alanine, D, L-methionine

and D, L-leucine. Of other keto acids tested, pyruvate and oxalace-

tate were more active than a-ketoglutarate, with D, L-tryptophan as

amino acid.

The pH optimum for the pea transaminase was 8.5. A partial



dependence of the transaminase on pyridoxal phosphate was demon-

strated, as approximately a 50% decrease in the activity of the acetone-

precipitated preparation was observed when exogenous pyridoxal

phosphate was omitted from reaction mixtures. The addition of

pyridoxal phosphate inhibitors, semicarbazide or hydroxylamine, to

the reaction mixtures further reduced the transaminase activity,

providing additional evidence that pyridoxal phosphate is essential for

the transaminase.

Lineweaver-Burk double-reciprocal plots of the data from

competition experiments suggested that D, L-tryptophan and D, L-

tyrosine are noncompetitive substrates. These data suggested that

more than one transaminase was present in the enzyme preparation

from peas or that a single transaminase with more than one active

site was present.

Transaminase activity was routinely measured by assaying the

amount of aromatic a-keto acid present in the reaction mixture after

incubation. In addition, glutamate was identified as a product of the

enzyme reaction by thin-layer chromatography. The presence of the

aromatic a-keto acid and glutamate confirmed that the activity being

assayed was that of an authentic transaminase. Further quantitative

studies showed that equimolar amounts of indolepyruvic acid and

glutamate were formed, which corroborated the conclusion that an

authentic transaminase was being studied.



The pea transaminase was found to be approximately three

times as active with D-tryptophan as amino acid substrate than with

L-tryptophan as substrate. It was speculated that the enzymic

racemization of L-tryptophan to D-tryptophan prior to transamination

might play a role in the control of free levels of tryptophan in pea

seedlings.

The evidence presented here indicated that an active trans-

aminase is present in peas which catalyzes the conversion of trypto-

phan to indolepyruvic acid. Thus, the evidence presented here

supports the conclusion that in cell-free extracts of shoot tips of green

pea (Pisum sativum L.) seedlings, indolepyruvic acid is a potential

intermediate in the biogenesis of the auxin-type hormone indoleacetic

acid from tryptophan.
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PARTIAL PURIFICATION AND DETERMINATION OF SOME
PROPERTIES OF AN AMINOTRANSFERASE OF PEA

(PISUM SATIVUM L, ) PLANTS

INTRODUCTION

The Process of Transamination

Transamination is a process by which an a-amino group is

transferred from a molecule of an amino acid to the a-carbon of an

a-keto acid without the formation of ammonia as an intermediate.

Enzymatic transamination was first reported by Braunstein and

Kritsmann (1937). The reaction is reversible and is catalyzed by

transaminases (aminotransferases, EC Z. 6. 1), which are found in

animals, plants and microorganisms.

The general process of transamination may be represented as

follows (West et al. , 1966):

COOH COOH COOH COOH

H-C-NH + CO CO + H-C-NH

R1 R2 R1 R2

Early work demonstrated that glutamic acid and the corresponding

a-keto acid, a-ketoglutaric acid, are common co-substrates in trans-

amination reactions. More recent work has indicated more generally

that essentially all naturally occurring amino acids can participate in

transamination reactions.
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While there is some evidence to indicate the existence of a

number of transaminases, little progress has been made in their

separation and characterization. A complicating factor in the separa-

tion of transaminases is that slight contamination of an enzyme prepa-

ration with glutamic acid and a glutamic transaminase could catalyze

the transamination of an amino acid by a coupling of reactions as

shown below.

(1) pyruvic acid + glutamic acid alanine

(2)

+ a-ketoglutaric acid

amino acid + a-ketoglutaric acid a-keto acid
+ glutamic acid

The above coupled reactions could also be viewed as one apparent

transamination reaction, as follows:

(3) amino acid + pyruvic acid a-keto acid + alanine

Thus, one apparent non-specific transaminase may actually be two or

more specific transaminases interacting through the mechanism of

coupled reactions.

Generally, the transaminases found in animals and higher plants

appear to be specific for L-amino acids. However, certain bacteria,

such as Bacillus subtilis, possess specific transaminases for both

D- and L-amino acids.
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The process of transamination is of great importance in amino

acid and protein metabolism. Transamination accomplishes the

deamination of amino acids as well as the synthesis of amino acids

from a-keto acids and glutamic acid. Excellent reviews on the subject

of transamination have been presented by Braunstein (1947), Cohen

(1951), Meister (1955, 1965), Adams (1962), Rose (1966) and Ivanov

and Karpeisky (1969).

Mechanism of Transamination

Active transaminases require pyridoxal phosphate as a co-

enzyme. Pyridoxamine phosphate has also been found to be an effec-

tive cofactor of transaminases. Snell and Jenkins (1959) found that

transamination occurs in nonenzymic model systems when mixtures

of pyridoxal and glutamic acid or pyridoxamine and a-ketoglutaric acid

are heated. From this work the mechanism of involvement of pyri-

doxal phosphate and pyridoxamine phosphate in the process of trans-

amination which is shown on the following page was developed (West

et al., 1966). According to this scheme, pyridoxamine phosphate

donates the -NH
2

group of amino acid 1 to keto acid 2 with the forma-

tion of keto acid 1 and amino acid 2, with the reverse process also

taking place. This is equivalent to the reaction

amino acid 1 + keto acid 2 keto acid 1 + amino acid 2
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CH2 O PO3H2

HOOCCNH2 0=C \N
R

Amino Acid 1

H H

HOOCCN=C
R

il
HO CH3

Pyridoxal Phosphate

CH2-0-P03 H2

Schiff Base

HOOCC=NCH2

1

CH2-0 P03H2

\N

HO CH3

Rearranged Schiff Base

O

RCCOOH

Alpha-Keto Acid 1

+ NH2 CH2

0

R1C C OOH

+ H2O

+ H2O

CH2-0 P03H2

HO CH3

Pyridoxamine Phosphate

Alpha-Keto Acid 2

reversal of 1 II preceding reactions

NH2

R1CCOOH Pyridoxal Phosphate
H

Amino Acid 2
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More detailed discussions of the role of pyridoxal phosphate and

pyridoxamine phosphate in the mechanism of transamination are given

by Snell and Jenkins (1959), Wagner and Folkers (1964) and Dunathan

(1971).

Background

Since the process of transamination in muscle tissue was first

described by Braunstein and Kritsmann (1937), other workers have

found transaminases in many other living tissues. A brief summary

of some of this work is shown in Table 1. These transaminases are of

great importance in the biosynthesis, degradation and formation of

the products of amino acids. The specificity of transaminases is

quite variable. Some of the purified transaminase preparations are

highly specific for particular amino acids (Cruickshank and Isherwood,

1958; Ellis and Davies, 1961; Wong and Cossin, 1968). Other enzyme

preparations seem to transaminate a variety of amino acids (Sukanya

and Vaidyanathan, 1964; Gamborg, 1965).

Aromatic Transaminases

Many of the workers in the area of transamination have concen-

trated on the transamination of aromatic amino acids. Tangen et al.

(1965) were able to isolate two transaminase fractions from rat brain

extract. One transaminase fraction showed highest activity towards
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Table 1. Brief summary- of some transaminases found in various
living tissues.

Organism Author(s) and date

Escherichia coli,
Pseudomonas fluorescens,
Agrobacterium tumefaciens
Flavobacterium fuscum,
Fl. flavescens,
Achromobacter liquidum

Agrobacterium tumefaciens

Clostridium sporogenes

Various plants
Various plants
Wheat germ
Mung bean mitochondria
Cauliflower
Mung bean shoots
Mung bean shoots
Wheat leaves
Pea cotyledons

Pig heart
Rat liver
Rat brain
Rat brain
Ox heart
Rat brain

Microorganisms

Stowe, 1955

Soda et al. , 1961

Sukanya and Vaidyanathan, 1964

O'Neil and DeMoss, 1968

Angiosperms

Leonard and Burris, 1947
Wilson et al., 1954
Cruickshank and Isherwood, 1958
Bone and Fowden, 1960
Ellis and Davies, 1961
Gamborg and Wetter, 1963
Gamborg, 1965
King and Waygood, 1968
Wong and Cossin, 1969

Animals

Green et al. , 1945
Lin et al. , 1958
Fonnum et al. , 1964
Tangen et al. , 1965
Marino et al. , 1966
Gabay and Huang, 1969
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tyrosine and phenylalanine, while the other fraction showed highest

activity towards tryptophan and 5-hydroxytryptophan.

O'Neil and De Moss (1968) achieved a 200-fold purification of a

tryptophan transaminase of Clostridium sporogenes. They found that

the enzyme also catalyzed the transamination of tyrosine and phenyl-

alanine in addition to tryptophan. Pyridoxal phosphate was required

for maximum activity of the enzyme, which had an optimum pH of 8. 4.

Gamborg (1965) studied the specificity of a mung bean (Phaseolus

aureus) transaminase purified 40-to 60-fold by gel filtration chroma-

tography on Sephadex G-50, followed by ammonium sulfate precipita-

tion and column chromatography on DEAE-cellulose and hydroxylapa-

tite. In addition to transaminating tryptophan, phenylalanine and

tyrosine, many aliphatic amino acids were also transaminated. The

results of this investigation indicated that although many amino acids

were used as substrates by this transaminase from mung bean, there

were definite limitations. According to Gamborg, the selectivity of

the enzyme for a certain amino donor appears to be determined

partially by the substituents on methylene carbons adjacent to the

a-amino group.

In an earlier paper (Gamborg and Wetter, 1963), it was reported

that the transaminase from mung bean did not require exogenous

pyridoxal phosphate, even after purification on hydroxylapatite. This

is contrary to the generally accepted idea that all transaminases need
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pyridoxal phosphate as a coenzyme in order to function. The explana-

tion seems to be that there is a tight bond between the protein and

coenzyme moieties, which resists cleavage during enzyme purification.

A less tenacious bond between apoenzyme and coenzyme appears to

occur with animal transaminases. After the fractional purification of

wheat germ (Cruickshank and Isherwood, 1958) and cauliflower (Ellis

and Davies, 1961) transaminases, a partial dependence on pyridoxal

phosphate could be shown, even though considerable transamination

occurred in the absence of added coenzyme.

Tryptophan in Indoleacetic Acid Biosynthesis

Much evidence has been put forth to show that tryptophan (TTP)1

is a precursor of the plant hormone, IAA. There are two proposed

pathways by which TTP is converted to IAA, both of which are shown

below:

TTP IAAld >IAA

1 The following abbreviations will be used: TTP = tryptophan; IPyA =
indole-3-pyruvic acid; TNH2 = tryptamine; IAAld = indole-3-
acetaldehyde; IAA = indole-3-acetic acid; PALP = pyridoxal phos-
phate.
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Some workers have presented evidence to show that the conver-

sion of TTP to IAA via TNH
2 is the major pathway of IAA production in

certain plants, such as the blue-green alga Chlorogloea fritschii

(Ahmad and Winter, 1969), cucumber (Sherwin and Purves, 1969),

coleus (Valdovinos and Per ley, 1966) and Avena coleoptiles (Winter,

1966). Other evidence put forth (Gordon and Nieva, 1949; Dannenburg

and Liverman, 1957; Ludwig and Rusk, 1963) suggests that both path-

ways are operative in some plants. These workers feel that IAA

formation through IPyA (2) is the major pathway under normal condi-

tions, but that the alternate pathway involving TNH
2

(1) can become

operative under certain circumstances. Finally, in some plants the

enzymic conversion of TTP to IAA seems to be limited to the pathway

involving IPyA (Per ley and Stowe, 1966; Moore and Shaner, 1967,

1968; Wightman and Cohen, 1968). In Moore and Shaner's work with

cell-free extracts of shoot tips of green pea (Pisum. sativum. L. )

seedlings, enzymic conversion of tryptophan- 14C to IAA via IPyA and

IAAld was demonstrated. No evidence was found for the formation of

from TTP in cell-free extracts of pea shoot tips. SimilarTNH2

inability to isolate and identify TNH
2

as an enzymic product of a cell-

free extract from Pisum was encountered by Gordon (1956) and Reed

and Crecelius (1967).

The work of Moore and Shaner (1967, 1968), while mainly con-

sidering the entire pathway from TTP to IAA in pea shoot tips
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(Pisum sativum), indicated that a transamination reaction was the

initial step in IAA formation; specifically, the conversion of TTP to

IPyA. It was the purpose of these investigations to isolate and par-

tially purify a transaminase from cell-free extracts of Pisum sativum

shoot tips and to demonstrate that this transaminase is potentially

involved in the conversion of TTP to IPyA.
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MATERIALS AND METHODS

Source and Purity of Reagents

D, L-tryptophan, D-tryptophan, L-tryptophan, D, L-

phenylalanine, D, L-tyrosine, D, L-glutamate, a-ketoglutarate,

pyridoxal phosphate and dithiothreitol were purchased from Sigma

Chemical Company, St. Louis, Missouri. Chloramphenicol, oxala-

cetic acid, glyoxlic acid and pyruvic acid were obtained from Cal-

Biochem, Los Angeles, California. D, L-methionine, D, L-leucine

and D, L-alanine were acquired from Nutritional Biochemicals

Corporation, Cleveland, Ohio. Hydroxylapatite was obtained from

Bio-Rad Laboratories, Richmond, California. Silica gel G was

obtained from Brinkmann Instruments Company, Westbury, New York.

All other chemicals used were of reagent grade and all organic sol-

vents were redistilled prior to use.

General Procedures

Culture of Plants

The Alaska variety of peas (Pisum sativum) (from W. Atlee

Burpee Company, Riverside, California) was used in all experiments.

Seeds were planted in vermiculite and kept under a 16-hour photoperiod

+ 0at 20 - 1 C with a Light intensity of 900 to 1000 ft-c and an 8-hour
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dark period at 16 ± 10 C. The seedlings were kept moist with tap

water. After 10-14 days, 50-70 g of shoot tips were removed imme-

diately above the fifth node and placed in liquid nitrogen. The shoot

tips were stored overnight in liquid nitrogen prior to use in an experi-

ment.

Preparation of Enzyme Extract

The sample of shoot tips was homogenized in a chilled mortar

and pestle with 2 ml of 0. 5 M borate buffer (pH 8. 5) per gram fresh

weight of tissue. The borate buffer used throughout these experiments

contained 150 µM chloramphenicol and 1 mM dithiothreitol. The

resulting mixture was then centrifuged at 40, 000 x g for 10 minutes at

4
o C in a Sorvall RC2-B centrifuge. The resulting supernatant was

the crude enzyme extract.

The crude enzyme extract was then brought to 25% acetone with

the addition of ice-cold acetone. After setting in an ice bath for 10

minutes, the 25% acetone-crude extract was centrifuged at 10, 000 x g

for 10 minutes. The supernatant was then collected and brought to

60% acetone. After again setting for 10 minutes in an ice bath, the

60% acetone extract was centrifuged at 10, 000 x g for 10 minutes. The

supernatant was then discarded and the remaining pellet was resus-

pended in 0. 5 M borate buffer (pH 8. 5) in a total of 1/6 of the original

volume of crude extract. This suspension was then centrifuged at
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40, 000 x g for 10 minutes and the resulting gold-yellow colored super-

natant was used as the acetone-precipitated enzyme fraction.

To achieve greater enzyme purification, the acetone-precipitated

enzyme was added to a column of hydroxylapatite, 1. 6 x 17 cm, which

was previously equilibrated with 0. 02 M KH2PO4-Na2HPO4 buffer at

pH 8. 5. The column was then washed with 70 ml of 0. 05 M sodium-

potassium phosphate buffer (pH 8. 5) and 50 ml of 0. 08 M sodium-

potassium phosphate buffer (pH 8. 5). The enzyme was then eluted with

0. 15 M sodium-potassium phosphate buffer (pH 8. 5) at a flow rate of

2 ml per minute and collected in 5 -ml fractions.

Reaction Mixture

Routine reaction mixtures contained 0. 5 ml of enzyme extract

and 2. 5 ml of 0. 5 M borate buffer (pH 8. 5) containing 0. 1 p.mole of

pyridoxal phosphate, 40 moles of amino acid (except 10 moles of the

sparingly soluble tyrosine) and 20 p.moles of a-keto acid. The reaction

mixtures were incubated for 60 minutes at 30° C in rubber-stoppered

10-m1 test tubes. The final borate buffer concentration was 0. 5 M and

the pH of the reaction mixtures was 8. 5. A reaction mixture minus

a-ketoglutarate was used as a blank.
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General Assay Procedures

Measurement of Indolepyruvate Formed

Enol-Borate Buffer Assay. According to Lin et al. (1959) the

enol tautomers of the aromatic a-keto acids combine instantaneously

and reversibly with borate to form complexes of a mixed ester-

anhydride structure, which in turn displaces the keto-enol equilibrium

in favor of the enol tautomer. The enol tautomer and its borate com-

plex absorb strongly in the 300 nm. region (Knox and Pitt, 1957). This

strong absorption is the basis of the following spectrophotometric

method for assaying IPyA and other aromatic a-keto acids. The prin-

ciple is a general one by which reactions either forming or removing

aromatic ,x-keto acids can be followed by changes in the optical density

of the enol-borate complex. The borate complex is further discussed

by Isbell et al. (1948), Khym et al. (1957) and Khym (1967).

Lin et al. (1959) found that the indolepyruvate-borate complex

has a maximum absorption at 328 nm. Similarly, p-phenylpyruvate

and p- hyd r oxy phe n yl p y r uva te were found to have absorption maxima at

310 nm. By constructing the appropriate standard curve, one can

convert the change in optical density to quantitative amounts of sub-

strate (aromatic amino acid) being converted to keto acid product.

Therefore, after the reaction mixtures had been incubated for 60

minutes, the optical density was directly measured either at 328 or
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310 nm to determine the amount of aromatic a-keto acid formed. This

assay could be used when either tryptophan, phenylalanine or tyrosine

was used as a substrate.

Arsenate-Borate Assay. In addition to the enol-borate buffer

assay, Lin et al. (1959) describe an alternate assay for determination

of aromatic a-keto acids. This assay, which will be called the

arsenate-borate assay, is a modified version of the enol-borate buffer

assay.

When using the arsenate-borate assay, the enzyme reaction

mixtures did not contain borate buffer. The reactions were carried

out for 2 hours in 0. 1 M KH2PO4-Na2HPO4buffer at pH 7. 4, after

which 0. 1 ml of concentrated H
3
PO

4
was added to each reaction mix-

ture to stop the reaction. After centrifuging each reaction mixture

for 5 minutes at top speed in a clinical centrifuge, a 0.5-ml aliquot of

the supernatant was added to 3. 0 ml of 2. 0 M arsenate, pH 6.5 (keto

sample) and another 0. 5-ml aliquot was added to 3. 0 ml of 1 M borate

in 2 M arsenate, pH 6. 5 (enol-borate sample). According to Knox

and Pitt (1957), the arsenate greatly accelerates the equilibration of

the keto and enol tautomers with the enol-borate complex. After 15

minutes the optical density of the enol-borate solution was measured

at 328 nm with the corresponding arsenate keto solution as a blank.

By constructing an appropriate standard curve, this assay was used to

quantitatively determine the amount of IPyA produced by the pea trans

aminas e.
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This assay was employed in initial work with the pea transami-

nase. Subsequently, it was discovered that the enol-borate buffer

assay was more sensitive than the arsenate-borate assay. In addition,

more consistent results were obtained with the enol-borate buffer

assay; thus, it was used routinely for the major portion of these

studies.

Isolation of Glutamate by Thin-
Layer Chromatography

In order to observe the quantitative relationship between gluta-

mate formation and keto acid formation, a method of assaying gluta-

mate was needed. The procedure described by Rowsell (1962) for

isolating and assaying amino acids by paper chromatography was

modified for thin-layer chromatography and used to quantitatively

determine the amount of glutamate formed by the enzyme extract.

In this modified procedure, after the reaction had proceeded for

60 minutes, two drops of concentrated HC1 were added to each reaction

mixture to stop the reaction. The reaction mixtures were then placed

in a boiling water bath for 5 minutes to precipitate the protein in the

mixture. Following centrifugation for 5 minutes at top speed in a

clinical centrifuge, the resulting supernatant was then applied to a

chromatogram. Three-tenths milliliter of each reaction mixture was

streaked on 1/4 of the origin on a 20 x 20 cm glass plate coated with
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500 p. of silica gel G. Also, authentic D, L-glutamate was co-

chromatographed with the reaction mixture. Thus, three reaction

mixtures (two complete and one control) plus authentic D, L-

glutamate could be chromatographed on each 20 x 20 cm silica plate.

In initial qualitative determinations of glutamate, three solvent

systems were used: n-propanol-water (70:30, v iv), n-butanol-

glacial acetic acid-water (80:20:20, v/v/v) and 96% ethanol-34%

ammonia solution (70:30, v iv). The 96% ethanol-34% ammonia

solution was chosen for the quantitative glutamate determination

because it showed the least amount of tailing of the glutamate spot.

After the chromatograms were developed, they were dried in a

current of warm air. They were then sprayed with ninhydrin reagent,

which was prepared according to Waldi (1965) by dissolving 0, 3 g

ninhydrin in 100 ml butanol and mixing with 3 ml glacial acetic acid.

The plates were then heated to 1100 C for 10 minutes, after which the

spots corresponding to the authentic glutamate were scraped into 12-

ml conical-bottom centrifuge tubes. Five milliliters of 70% ethanol

was then added to each tube. The tubes were stoppered and shaken

vigorously for 1 minute to elute the purple-colored product from the

silica gel.. The tubes were then centrifuged at top speed for 5 minutes

in a clinical centrifuge and the resulting supernatants were decanted

for optical density measurement at 575 nm. A standard curve had

previously been prepared by chromatographing known amounts of
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glutamate and subjecting them to the preceding extraction. The blanks

used in the optical density measurements were prepared by eluting an

amount of gel equivalent to the glutamate spot from the control reac-

tion mixture area of the chromatogram.

Protein Determination

Protein was determined by the method of Lowry et al. (1951)

using bovine serum albumin as standard.
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RESULTS

Partial Purification of Transaminase

Before any purification steps were applied to the crude enzyme

preparation, activity could be detected (Table 2) by using the arsenate-

borate assay, as described in Materials and Methods. No activity

was observed when the routinely utilized enol-borate assay was used.

Therefore, the data given in Table 2 are from two independent

experiments. The crude enzyme activity was acquired independently

from the remaining data in the table.

By subjecting the acetone precipitate fraction to hydroxylapatite

column chromatography, approximately a 148-fold purification was

achieved when the enzyme activity was tested with tryptophan as

amino acid substrate. The elution profiles for transaminase activity

from columns of hydroxylapatite for three aromatic amino acids are

illustrated in Figure 1. The elution profiles of activity were very

similar for all amino acid substrates, indicating no apparent frac-

tionation of transaminase activity by these procedures.

Further enzyme purification was attempted by using gel filtra-

tion chromatography. Bio-Gel P-150 and P-300 columns were

attempted, but no additional purification was achieved. Often, an

apparent decrease in purification was observed, due to the relative

instability of the enzyme. Relatively slow flow rates were obtained



Table 2. Summary of partial purification of transaminase from pea plants. a

Step
Total

activity
Total

protein
Specific activity

(units /mg
Activity

recovered Purification
(units) (mg) protein) (%)

Crude extractc
13. 35 1285. 2 O. 010 100

25-60% acetone precipitate 35. 66 135. 4 O. 263 266 26. 3

Hydroxylapatite column
eluate (fractions 28-34) 23. 28 15.7 1.482 174 148.2

aDetails of the purification are discussed in the text.
bOne unit of activity is defined as 1 ilmole IPyA formed/hour.
cThis fraction was assayed by the arsenate-borate assay as described in the text. The values were
also obtained from a separate experiment, as no activity was indicated in the crude extract by the
enol-borate buffer assay. Other fractions were assayed by the enol-borate buffer assay.
Reaction mixtures for crude extract each contained 1 pmole of PALP, 1. 5 ml of enzyme (15. 3 mg
protein), 40 ilmoles of D, L-T'I'P and 10 ilmoles of a-ketoglutarate in a total volume of 3 ml of
KH2PO4-Na2HPO4 buffer (0. 1 M, pH 7. 4). Reactions were incubated at 30° C for 2 hours.
Reaction mixtures for other partially purified fractions each contained 0. 1 p.mole of PALP, 0. 5 ml
of enzyme, 40 ilmoles of D, L-TTP and 20 ilmoles of a-ketoglutarate in a total volume of 3 ml of
borate buffer (0. 5 M, pH 8. 5).
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Figure 1. Elution profile of pea transaminase from hydroxylapatite

column. Symbols: 0, protein; (:), tryptophan transami-
nase activity; , tyrosine transaminase activity; *,
phenylalanine transaminase activity. Column was eluted
with KH2PO4-Na2HPO4 buffer (0. 15 M, pH 8. 5) at a flow
rate of 2. 0 ml/minute and 5-ml fractions were collected.
Activity was measured by the enol-borate buffer assay.
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for these gel filtration columns; thus, the eluted enzyme had lost

much of its activity. Ammonium sulfate precipitation was also

attempted, but the time necessary for dialysis was a limiting factor-

only slight enzyme activity was observed.

The purification factor indicated in Table 2 is only an approxi-

mate value, as two different assays and two separate enzyme prepara-

tions were utilized in its determination. Also, the instability of the

enzyme preparation through the entire purification procedure will

affect the apparent purification achieved. Since the acetone precipitate

purification step gave a high specific activity with good recovery, it

was selected as the partially purified preparation to be used for fur-

ther studies.

Some Properties of a Transaminase from Peas
Using Tryptophan and a-Ketoglutarate

as Substrates

The pH optimum for this transaminase reaction was 8. 5, with an

abrupt decline at higher pH values (Figure 2). The yield of IPyA was

directly proportional to enzyme concentration up to 0. 75 ml (9. 9 mg

of protein) of enzyme per reaction mixture (Figure 3). Five-tenths

milliliter of enzyme extract was chosen as the amount of enzyme

extract to be used routinely in further experiments. The apparent

velocity of the transaminase reaction became constant after a lag

period of approximately 12 minutes (Figure 4). The velocity of the
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Figure 2. Effect of pH on enzyme activity. Reaction mixtures
each contained 1. 0 pmole of PALP, 40 p.moles of D, L-
TTP, 10 pmoles of a-ketoglutarate and 0. 5 ml of enzyme
extract (5. 3 mg protein) in a total of 3 ml of 0. 5 M borate
buffer. Each reaction mixture was adjusted to the appro-
priate pH prior to the addition of a-ketoglutarate. The pH
was also measured after the reaction was complete to
insure that no significant pH change had occurred.
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Figure 3. Effect of enzyme concentration of IPyA yield. Reaction
mixtures each contained 1.0 tirriole of PALP, 40 timoles of
D, L-TTP, 10 [imoles of a-ketoglutarate and the indicated
amount of enzyme extract all at pH 8. 5 in 0.5 M borate
buffer. Total reaction volume was 3. 0 ml. Incubations
were for 60 minutes at 300 C. Enzyme extract contained
13.2 mg of protein/ml of extract.
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Figure 4. Time-course of the transaminase reaction. Each complete
reaction mixture contained 0. 5 ml of enzyme extract (5. 8
mg protein), 1. 0 1_Lmo le of PALP, 40 p.moles of D, L-TTP
and 10 ilmoles of a-ketoglutarate in a total volume of 3. 0 ml.
Reactions were run in quartz cuvettes and incubated at 300
C in an oven. Optical density measurements were taken every
5 minutes for the first 60 minutes, then every 10 minutes
thereafter.
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reaction then remained constant beyond the 60-minute incubation time

used in these experiments. An unequivocal explanation for the appar-

ent lag period cannot be presented; perhaps the apparent lag period

can be attributed to the relative insensitivity of the assay procedure at

low levels of activity. Using the preceding conditions for the trans-

aminase reaction, it was observed that increasing amounts of D, L-

TTP up to 40 p.moles per reaction mixture increased the amount of

IPyA formed (Figure 5), However, increasing D, L-T EP beyond 40

pmoles failed to significantly increase the yield of IPyA. Also, a

saturating amount of a-ketoglutarate appeared to be approximately 20

moles per reaction mixture (Figure 6).

Essentiality of Pyridoxal Phosphate

The essentiality of PALP could not be conclusively demonstrated

except by the use of competing inhibitors such as semicarbazide and

hydroxylamine (Table 3). The coenzyme (PALP) is apparently tightly

bound to the apoenzyme, since significant enzyme activity is observed

even without the addition of exogenous PALP to the reaction mixture.

The addition of either semicarbazide or hydroxylamine reduces the

enzyme activity, suggesting that PALP is indeed essential for trans-

aminase activity (Fowden, 1965).
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Figure 5. Effect of D, L-TTP concentration on IPyA yield. Reaction
mixtures each contained 0. 5 ml of enzyme extract (5. 2 mg
protein), 1. 0 pmole of PALP, 10 pmoles of a-ketoglutarate
and the indicated amounts of D, L-TTP, all in 0. 5 M borate
buffer at pH 8. 5.
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Figure 6. Alpha-ketoglutarate concentration versus yield of IPyA.
Reaction mixtures each contained 0. 5 ml of enzyme
extract (5. 7 mg protein), 1. 0 mole of PALP, 40 timoles of
D, L-TTP and the indicated amounts of a-ketoglutarate in a
total volume of 3 ml of 0. 5 M borate buffer at pH 8. 5.
Reaction time was 60 minutes at 300 C.
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Table 3. Effects of PALP and inhibitors on enzyme
activity.

Treatment IPyA formed
(1.1.moles)

Complete

Complete minus PALP

Complete plus 0. 5
semicarbazide

Complete plus 1. 0
semicarbazide

Complete plus 2. 0
semicarbazide

Complete plus 0. 5
hydroxylamine

Complete plus 1. 0
hydroxylamine

Complete plus 5. 0
hydroxylamine

Complete minus PALP plus 2. 0
millimoles semicarbazide

millimole

millimole

millimoles

millimole

millimole

millimoles

Complete minus PALP plus 5. 0
millimoles hydroxylamine

0. 945

O. 465

0. 468

0. 324

O. 276

O. 309

0. 264

0. 258

O. 243

O. 114

The effects of PALP and the effects of varying con-
centrations of two PALP inhibitors on the enzyme
activity are shown. Reaction mixtures contained 0. 5
ml of enzyme extract (3. 7 mg protein), 40 p.moles of
D, L-TTP, 20 p.moles of a-ketoglutarate and 0. 1 p.mole
of PALP, except where noted. All reactions were run in
0. 5 M borate buffer at pH 8. 5. Incubations were for 60
minutes at 30o C.
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Conditions Affecting Enzyme Activity

The necessity of each ingredient of the routine reaction mixture

is shown in Table 4. One interesting note is the apparent increase in

activity under anaerobic conditions. Evidence presented later will

show that it is not the enzyme activity but the chemical stability of the

IPyA product that is increased under anaerobic conditions.

Specificity of a Transaminase from Peas

The transaminase from peas utilizes more than one keto acid as

substrate (Table 5). This could indicate either the presence of more

than one enzyme or the lack of specificity of one transaminase towards

various keto acid substrates.

The pea transaminase also utilizes various amino acids as sub-

strates (Figure 7 and Table 6). Both aromatic and aliphatic amino

acids appear to be transaminated. Again this may represent a mixture

of transaminases or one enzyme with varying degrees of specificity

toward the various amino acids.

Competition Between Aromatic Amino Acids

The apparent Km values for D, L-tryptophan, D, L-tyrosine and

D, L-phenylalanine in the presence of a-ketoglutarate are shown in

Table 7. The K represents the substrate concentration at which
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Table 4. Requirements for the transarnination reaction
using D, L-tryptophan and a-ketoglutarate as
co-substrates.

Treatment IPyA formed
(i.tmoles)

Complete

Complete (anaerobic)

0. 990

1.515

Complete (boiled enzyme) 0. 087

Complete (zero time) 0. 048

Minus enzyme 0. 123

*Minus PALP 0. 465

*Complete plus 1. 0 milli-
mole semicarbazide 0. 324

*Complete plus 1. 0 milli-
mole hydroxylamine 0. 264

Minus D, L-tryptophan 0. 150

Minus a-ketoglutarate 0. 000

This table shows the necessity of the various ingre-
dients and conditions for producing an active trans-
aminase from peas. With the exception of the indicated
() data, which were acquired from an independent
experiment, all other data were obtained with the same
enzyme preparation.
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Table 5. Comparative activity of selected keto acids with trans-
amin.ase from peas.

Keto acid

a-ketoglutaric acid
pyruvic acid

oxalacetic acid

glyoxylic acid

Amino acid
product

IPyA formed
(iimoles)

glutamic acid 0. 720

alanine 1. 185

aspartic acid 1. 083

glycine 0. 348

The reaction mixtures each contained 0. 5 ml of enzyme extract
(2. 8 mg protein), 0. 1 p.mole of PALP, 40 moles of D, L-TTP and 20
ilmoles of the appropriate keto acid. Reaction time was 60 minutes.

Table 6. Comparative activity of D, L-tryptophan to
selected aliphatic amino acids with trans -
aminase from peas.

Amino acid
(40 p.moles per

reaction mixture)
Glutamate formed

(pmoles)

D, L-tryptophan 1. 140

D, L-leucine 0. 890

D, L-methionine 1. 160

D, L-alanine 3. 750

The determination of glutamate by thin-layer
chromatography and ninhydrin reagent was used to
assay enzyme activity, as the enol-borate buffer
assay cannot be used to assay the keto acid product
from a non-aromatic amino acid. Reaction mixtures
each contained 0. 5 ml of enzyme extract (3. 3 mg
protein), 0. 1 ['mole of PALP, 20 pmoles of a-
ketoglutarate and 40 pmoles of the appropriate amino
acid.



Figure 7.

a) 1 . 0
0
E

-t3
a)

E

0LL .5

-0

0
a)

se 0.0
0 10 20 30 40

Aromatic Amino Acid
(}moles reaction mixture)

33

Comparative activity of selected aromatic amino acids
with transaminase from peas. Reaction mixtures con-
tained 0. 5 ml of enzyme extract (7. 2 mg protein), 0. 1 mole
of PALP, 20 pinoles of a-ketoglutarate and various concen-
trations of either D, L-tyrosine ( ), D, L-phenylalanine
( ) or D, L-tryptophan ( 0 ) .
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half-maximum reaction velocity is obtained. These K values were
m

obtained by plotting the data as explained by Lineweaver and Burk

(1934).

Table 7. Apparent K values of aromatic amino acids.m

Reaction Apparent Km

D, L-tryptophan--a-ketoglutarate 2.1 x 10 -2M
D, L-tyrosine--a-ketoglutarate 3. 8 x 10 -3M
D, L- phenylalanine -a- ketoglutarate 3.0 x 10 -3M

Reactions carried out under standard conditions in 0. 5 M
borate buffer at pH 8. 5. Each apparent Km value represents
the average of nine separate determinations.

The effect of adding 10 p.moles of either D, L-tyrosine or D, L-

phenylalanine to increasing concentrations of D, L-TTP is shown in

Figure 8. Both D, L-tyrosine and D, L-phenylalanine reduced the

yield of IPyA. On plotting the double-reciprocals of these data,

inhibition by D, L-tyrosine appeared to be noncompetitive (Figure 9).

The data for D, L- phenylalanine, although inconclusive, also are

included. These data failed to show conclusively competitive or non-

competitive interaction between phenylalanine and tryptophan. The

double-reciprocal plot indicates that the curve for phenylalanine may

in fact be biphasic. Several repetitions of this experiment were per-

formed, all yielding very similar results, but conclusive evidence for

the nature of the interaction between D, L-tryptophan and D, L-

phenylalanine could not be obtained.
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Figure 8. Effect of 10 p.moles of D, L-tyrosine or 10 f.tmoles of D, L-
phenylalanine on yield of IPyA from D, L-tryptophan.
Reaction mixtures each contained 0. 5 ml of enzyme extract
(3. 6 mg protein), 0, 1 il-nole of PALP, 20 p.moles of a-
ketoglutarate and varying amounts of D, L-TTP with either
no additives ( 0 ) , 10 p.moles of D, L-tyrosine ( ) or 10
.ii-noles of D, L-phenylalanine ( ). Reactions were
incubated for 60 minutes at 30° C.
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Figure 9. Double-reciprocal plot of the reciprocal of D, L-
tryptophan concentration (l/TTP) versus the reciprocal
of IPyA concentration (1/IPyA). These are the data from
Figure 8 plotted in double-reciprocal form. Symbols:
0, TTP; , TTP + 10 jimoles of tyrosine; , TTP +
10 ilmoles of phenylalanine.
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Qualitative Determination of Glutamate

The qualitative determination of glutamate in the reaction mix-

ture after incubation was accomplished by the use of thin-Layer

chromatography. By co-chromatographing authentic glutamate with

reaction extracts in three different solvent systems, the presence of

glutamate in the reaction mixtures was shown (Table 8). As additional

evidence, exogenous glutamate was added to half of one extract, while

the other half was left untreated. Samples of this extract and extract

plus exogenous glutamate were then co-chromatographed. Approxi-

mately identical Rf values were obtained with this method of chroma-

tography.

Quantitative Formation of IPyA and Glutamate

To show that IPyA was being formed via transamination and not

by some other process, it was necessary to show that equivalent

amounts of IPyA and glutamate were being formed. The data (Table

9) show that equivalent amounts of IPyA and glutamate were indeed

formed under anaerobic conditions; thus, a transamination reaction

was being observed. In these experiments, the IPyA was assayed in

the usual way by measuring the increase in optical density at 328 nm,

while glutamate was assayed by using thin-layer chromatography and

the reaction of the glutamate spot with ninhydrin.
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Table 8. Comparative thin-layer chromatography of authentic
glutamate and reaction mixture extracts.

Solvent
system

Authentic glutamate Glutamate in extracts
Color in Range of Color in Range of

ninhydrin Rf values ninhydrin Rf values

A Coral 0.49-0.71 Coral 0.47-0.65

B Coral 0.22-0.35 Coral 0.27-0.41

C Purple 0.65-0.75 Purple 0.51-0.67

Solvent systems as follows: (A) n-propanol-water (70:30, v/v);
(B) n-butanol-glacial acetic acid-water (80:20:20, v iv /v); (C) 96%
ethanol -34% ammonia solution (70:30, v/v).

An average of four separate determinations is represented in each
table entry. Silica gel G plates used were coated with a 500 µ thick
layer of gel and glutamate spots were developed by using ninhydrin
reagent. The solvent front was allowed to travel 15 cm for full
chromatogram development.
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Table 9. Comparison of yields of IPyA and glutamate from
the pea transaminase reaction.

Treatment IPyA formed Glutamate formed
(iimoles) (iimoles)

Complete (aerobic)

Complete (anaerobic)

O. 621 1. 115

1. 068 1. 060

IPyA was determined by the enol-borate buffer assay,
while glutamate was determined by using thin-layer chroma-
tography and the reaction of ninhydrin with glutamate. Data
presented are the average of four separate determinations
with each assay.

The data also support the idea that the increase in IPyA observed

under anaerobic conditions was due to increased IPyA stability and not

increased enzyme activity. Similar amounts of glutamate were formed

under aerobic or anaerobic conditions (Table 9). This suggests that

equivalent amounts of IPyA were also produced in each case, except

that the IPyA is chemically more labile in the presence of oxygen.

Stability of Enzyme

The acetone precipitate fraction is relatively stable when stored

in Liquid nitrogen, where the enzyme retains its activity for at least

two months. Repeated freezing and thawing does not adversely affect

enzyme activity.

Enzyme Activity with D- or L-Tryptophan

The transaminase isolated from peas was more active with
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D-TTP as substrate than with L-TTP. The data (Table 10) indicated

over a three-fold increase in IPyA yield when 20 p.moles of D-TTP

was used rather than 20 pmoles of L-TTP as substrate. Also, the

combined IPyA yield from 20 pmoles of D-TTP and 20 [Imo les of

L-TTP was nearly identical to the yield from a racemic mixture of

40 pmoles of D, L-TTP. Finally, nearly equivalent yields of IPyA

were observed when either 20 pmoles of D-TTP or 20 p.moles of a

racemic mixture of D, L-TTP were utilized as substrate, suggesting

the possible enzymic conversion of some L-TTP to D-TTP via a

racemase. The optical rotations of the D- and L-TTP samples were

measured on a polarimeter to confirm the authenticity of the D- and

L-TTP samples. The optical rotations observed were +32. 0° and

-32.2° for D- and L-TTP, respectively, which compare with published

optical rotations of +32. 45° for D-TTP and -31. 5° for L-TTP.

Table 10. Comparative activity of D- versus L-tryptophan.

Amino acid IPyA formed
(pmoles)

20 moles of D-tryptophan O. 699

20 pmoles of L-tryptophan O. 216

40 p.moles of D, L-tryptophan O. 870

20 pmoles of D, L-tryptophan O. 618

Reaction mixtures each contained 0. 5 ml of enzyme
extract (4. 5 mg protein), 0. 1 pmole of PALP, 20 p.moles of
a-ketoglutarate and the indicated amounts of specific iso-
mers of tryptophan. IPyA was determined by the enol-
borate buffer assay.
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DISCUSSION

Approximately a 148-fold purification of a transaminase from

peas (Pisum sativum L. ) was achieved by acetone precipitation fol-

lowed by column chromatography on hydroxylapatite. This purifica-

tion factor is only approximate, as two different assays were utilized

in its determination. In initial work, the arsenate-borate assay was

used to determine the activity of the pea transaminase. Later experi-

ments, however, indicated that the enoL-borate assay was superior to

the initial assay in that it was a more sensitive assay for IPyA. Also,

more consistent results were achieved with the enol-borate assay;

thus, it was ,used as the routine assay for IPyA determinations.

The only major problem encountered with the enol-borate buffer

assay was its inability to show any pea transaminase activity in crude

enzyme preparations. Repeated experiments using this assay did not

indicate any activity in the crude enzyme. Activity was observed

after the enzyme was taken through acetone precipitate purification,

so it would appear that something in the crude enzyme might be corn-

plexing with the borate buffer to adversely affect the assay. Since

activity was observed in crude enzyme preparations when the

arsenate-borate assay was utilized, representative data using this

assay was included in the purification procedure illustrated in Table 1.

With a -ketoglutarate as co-substrate, the acetone precipitate
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fraction transaminated the following aromatic amino acids: D, L-

tryptophan, D, L-tyrosine and D, L-phenylalanine; as well as the

following aliphatic amino acids: D, L-alanine, D, L-methionine and

D, L-leucine. In work with mung bean (Phaseolus aureus Roxb. ), a

plant closely related to peas, Gamborg (1965) purified a transaminase

40- to 60-fold by using gel filtration chromatography on Sephadex

G-50, followed by ammonium sulfate precipitation and column

chromatography on DEAE-cellulose and hydroxylapatite. This enzyme,

in the presence of pyruvate, also transaminated a variety of cyclic and

aliphatic amino acids.

Isolation of a transaminase in plants specific for tryptophan has

not yet been achieved. Fonnum et al. (1964) and Tangen et al. (1965)

were able to isolate two transaminase fractions from rat brain. One

fraction showed highest activity toward tyrosine and phenylalanine,

while the other fraction showed highest activity towards tryptophan and

5-hydroxytryptophan. In work with Clostridium sporogenes, O'Neil

and DeMoss (1968) purified an aromatic amino acid transaminase 200 -

fold. This enzyme was not specific for any one aromatic amino acid;

as tryptophan, tyrosine and phenylalanine were all transaminated.

Also, the mung bean transaminase (Gamborg, 1965) utilizes a variety

of amino acids as substrates, aliphatic as well as aromatic.

The specificity of the pea transaminase for keto acid substrate

is not well defined. Of the keto acids tested, pyruvate and oxalacetate
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were more active than a-ketoglutarate, with D, L-tryptophan as amino

acid. Gamborg and Wetter (1963) found that pyruvate was superior to

a-ketoglutarate as amino acceptor in mung bean, while glyoxylate and

oxalacetate were relatively inactive as amino acceptors.

The pH optimum for the pea transaminase was 8.5, which agrees

closely with the value of 8. 4 determined by O'Neil and De Moss (1968)

for a tryptophan transaminase from Clostridium sporogenes. Similar

pH optima of 8. 2 for glyoxylate transaminase from wheat leaves (King

and Waygood, 1968), 8. 0 for aspartate aminotransferase from pea

cotyledons (Wong and Cossin, 1969) and 8. 0-8.5 for glutamic-

aspartic transaminase from wheat germ (Cruickshank and Isherwood,

1958) indicate that the general pH optimum for transaminase reactions

is 8. 0-8. 5.

The essentiality of PALP for plant transaminases is difficult to

demonstrate. O'Neil and De Moss (1968) were able to remove all of

the coenzyme from their transaminase preparation from C. sporo-

genes. They could demonstrate that in the absence of added PALP, no

enzymatic activity was detectable. With mung bean transaminase,

however, Gamborg and Wetter (1963) could not show a requirement

for PALP even after purification on hydroxylapatite. Partial depen-

dence on PALP was demonstrated in partially purified wheat germ

(Cruickshank and Isherwood, 1958), cauliflower (Ellis and Davies,

1961) and pea cotyledon (Wong and Cossin, 1969) transaminases. Data
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from the present investigations show approximately a 50% decrease in

activity when PALP is omitted from the reaction mixtures. By adding

semicarbazide or hydroxylamine to the reaction mixture, further

reduction in pea transaminase activity could be shown. According to

Fowden (1965), these inhibitors bind with aldehydes and inhibit reac-

tions known to be dependent on PALP; thus, PALP is essential for an

active pea transaminase.

Although efforts to isolate more than one transaminase fraction

were unsuccessful, limited evidence suggests that more than one

transaminase may have been present in the enzyme preparation from

peas. Lineweaver-Burk plots of the data from competition experi-

ments (Figure 9) suggested that D, L-tryptophan and D, L-tyrosine are

noncompetitive substrates. Thus, it would appear that the enzyme

preparation may contain at least two different transaminase fractions.

Also, the data could indicate the presence of one transaminase with

more than one active site. The limited evidence presented only

suggests that one or both of these situations may exist in the pea

transaminase preparation. The data concerning phenylalanine are

inconclusive, but neither competitive nor noncompetitive interaction

between phenylalanine and tryptophan could be clearly demonstrated.

The qualitative determination of glutamate in the incubated

reaction mixtures indicated that an authentic transaminase reaction

was being investigated. The disparity between the authentic glutamate
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Rf values versus the reaction mixture glutamate Rf values was greatly

decreased if the reaction mixture extract was divided into two por-

tions; authentic glutamate being added to one portion, while the other

portion was left untreated. The resulting chromatograph of authentic

glutamate-extract and extract alone indicated almost identical Rf

values for the glutamate present in each spot. By adding extract to

the authentic glutamate before chromatography, identical Rf values

could readily be obtained. The Rf values shown in Table 8 were

obtained by chromatographing authentic glutamate and extracts in

separate spots.

The quantitative formation of equimolar amounts of IPyA and

glutamate corroborate the conclusion that an authentic transaminase

reaction was being investigated. To assure that IPyA was not being

produced by an oxidative deamination (Gordon, 1961), reactions were

incubated under aerobic and anaerobic conditions. No loss of activity

was observed in the absence of oxygen; thus, oxidative deamination

was not accounting for the production of IPyA in the enzyme system.

Indeed, due to increased stability of IPyA when isolated from oxygen,

an actual increase in IPyA was observed. Also, Gordon and Pa leg

(1961) suggested that IPyA and indoleacetic acid could be formed

through the action of polyphenols on tryptophan in mung bean. Direct

investigation revealed that this reaction was not operative in the

enzyme extracts prepared from peas.
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The most unexpected data of these investigations was the fact

that the pea transaminase is approximately three times as active with

D-tryptophan as amino acid substrate than with L-tryptophan as sub-

strate. There are other reported cases where D-tryptophan can be

utilized by plant enzymes. In systems in which tryptophan mimics the

effects of IAA and is presumably converted to IAA, D- and L-

tryptophan both have been found to be equally effective. As examples,

the retardation of abscission of debladed Coleus petioles (Valdovinos

and Per ley, 1966) and the growth requirement for an excised wheat

root culture (Ferguson, 1963) are cases in which both isomers were

equally active. Kim and Rohringer (1969) reported that D-tryptophan-

methylene-14C was incorporated more efficiently into IAA-14C than

L-tryptophan-methylene- 14C by excised wheat Leaves. Also, Gordon

(1961) noted that D-tryptophan was equal to or more effective than L-

tryptophan as an IAA precursor in several plant preparations.

The conversion of D-tryptophan to malonyl-D-tryptophan has

been observed in plant tissues. Good and Andreae (1957) identified a

conjugate of tryptophan, malonyltryptophan, which was extracted from

pea and spinach tissues which had previously been treated with

tryptophan. They were also able to identify small amounts of

malonyltryptophan in plants which had not been treated with exogenous

tryptophan. Zenk and Scherf (1963) subsequently showed that the

malonyltryptophan conjugate was in fact malonyl-D-tryptophan. More
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recently, Miura and Mills (1971) observed the conversion of D-

tryptophan to malonyl-D-tryptophan in tobacco cell cultures.

Zenk (1964) suggested that in the fruit where large amounts of

malonyl-D-tryptophan occur naturally, at a point where growth stops

and IAA is no longer consumed, IAA is converted to IAA-aspartate or

IAA-glutamate. He suggested further that the termination of IAA

synthesis may be accomplished by transforming some indole precursor

of IAA to D-tryptophan, which is immobilized, accumulated and

"detoxified" as malonyl-D-tryptophan. Another possibility would be

that malonyl-D-tryptophan may serve as a storage product for an

auxin precursor when auxin requirements are low, although the con-

jugation reaction is not known to be reversible.

Recently, Miura and Mills (1971) have described a tryptophan

racemase in cell cultures of tobacco (Nicotiana tabacum L. ). This

racemase converts D-tryptophan to L-tryptophan and the reaction is

reversible. It is then possible that L-tryptophan, which is believed

to be the only isomer of tryptophan synthesized by higher plants, can

be converted to D-tryptophan via a racemase.

One reaction which the D-tryptophan can apparently undergo is

transamination to form IPyA and ultimately IAA. Since the pool size

of free tryptophan in pea seedlings is very small (Lawrence and Grant,

1963), it would appear that the synthesis and utilization of tryptophan

is subject to rigid control. It is then possible that the conversion of
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L-tryptophan to D-tryptophan prior to transamination to IPyA might

play a role in the control of levels of free tryptophan and of IAA in pea

seedlings. However, why this pathway might be operative instead of,

or in addition to, a direct transamination of L-tryptophan to IPyA is

inexplicable.

The data presented here lend support to previous findings which

indicated that an active transaminase is present in peas which cata-

lyzes the conversion of tryptophan to IPyA. Thus, the evidence

presented here supports earlier work presented by Moore and Shaner

(1967, 1968); namely, that in the cell-free extracts of shoot tips of

green pea (Pisum sativum L. ) seedlings indolepyruvic acid is a

potential intermediate in the biogenesis of indoleacetic acid from

tryptophan.
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SUMMARY

A transaminase (aminotransferase, EC 2. 6. 1) was extracted

and partially purified from pea (Pisum sativum L. cv. Alaska) seed-

lings and some properties of the enzyme were determined. The pea

transaminase was purified approximately 148-fold by a procedure

which included acetone precipitation followed by column chromatography

on hydroxylapatite. This purification factor was only approximate, as

crude enzyme activity could not be assayed by the routine enol-borate

buffer assay. Therefore, data from an independent experiment using

a modified arsenate-borate assay was included to represent crude

enzyme activity.

In the presence of a-ketoglutarate, the acetone precipitate

transaminated the following aromatic amino acids: D, L-tryptophan,

D, L-tyrosine and D, L-phenylalanine; as well as the following aliphatic

amino acids: D, L-alanine, D, L-methionine and D, L-leucine. Of the

a-keto acids tested, pyruvic acid and oxalacetic acid were more active

than a-ketoglutaric acid, with D, L-tryptophan as amino acid.

The pH optimum for the pea transaminase was 8.5. A partial

dependence of the transaminase on pyridoxal phosphate was demon-

strated, as approximately a 50% decrease in the activity of the acetone-

precipitated preparation was shown when pyridoxal phosphate was not

added to the reaction mixtures. The addition of pyridoxal phosphate
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inhibitors, semicarbazide or hydroxylamine, to the reaction mixtures

further reduced the transaminase activity; thus, pyridoxal phosphate

appears to be essential for an active pea transaminase.

Lineweaver-Burk plots of competition experiments suggested that

D, L-tryptophan and D, L-tyrosine are noncompetitive substrates.

These data suggested that more than one transaminase may have been

present in the enzyme preparation from peas or that one transaminase

could have been present with more than one active site. The data

concerning phenylalanine are inconclusive, but neither competitive nor

noncompetitive interaction between phenylalanine and tryptophan could

be clearly demonstrated.

The pea transaminase activity was routinely measured by assay-

ing the amount of aromatic a-keto acid present in the reaction mixture

after incubation. In addition, glutamate was identified by thin-layer

chromatography as a product of the enzyme reaction. The presence of

the aromatic a-keto acid and glutamate indicated that an authentic

transaminase was being investigated. Further quantitative studies

showed that equimolar amounts of indolepyruvic acid and glutamate

were formed, which corroborated the conclusion that an authentic

transaminase was being studied.

The pea transaminase was found to be approximately three times

as active with D-tryptophan as amino acid substrate than with L-

tryptophan as substrate. There are other reported cases where D-

tryptophan could be utilized by plant enzymes. If a racemase is
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present in peas, then L-tryptophan could be converted to D-tryptophan,

which would then be transaminated to IPyA and ultimately converted

to IAA. It is possible that the conversion of L-TTP to D-TTP prior

to transamination to IPyA might play a role in the control of free

levels of tryptophan in pea seedlings, but this is only speculation at

this time.

The evidence presented here indicates that an active trans-

aminase is present in peas which catalyzes the conversion of trypto-

phan to indolepyruvic acid. Thus, the evidence presented here sup-

ports the conclusion that in cell-free extracts of shoot tips of green

pea (Pisum sativum L. ) seedlings, indolepyruvic acid is a potential

intermediate in the biogenesis of indoleacetic acid from tryptophan.
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