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Tryptophan. synthase [ L-serine hydro-lyase (adding indole),

EC 4. 2. 1. 20j was extracted and partially purified from pea (Pisum

sativum L. cv. Alaska) seedlings, properties of the enzyme were de-

termined, and kinetic experiments were conducted in efforts to ascer-

tain the reaction mechanisms. Additionally, the apparent relative dis-

tribution of activity in different parts of pea seedlings was determined

using cell-free enzyme extracts.

Tryptophan synthase was purified approximately 50-fold by a

procedure which included sequentially protamine sulfate precipitation,

polypropylene glycol precipitation, fractional precipitation with am-

monium sulfate, gel filtration chromatography on BioGel P-150, and

ion-exchange chromatography on DEAE-cellulose. Purification of the

enzyme was complicated by its extreme lability. Reagents such as

ethylenediaminetetraacetic acid, dithiothreitol and metabisulfite, but



not cysteine and mercaptoethanol, offered some protection but did not

prevent inactivation. Pyridoxal phosphate and L-serine were also

slightly effective in stabilizing activity.

Tryptophan synthase of peas is a two-component (A and B) en-

zyme, of molecular weight estimated by exclusion chromatography to

be approximately 140,004 which catalyzes three reactions:

Indole -3- glycerol phosphate + L- serine L-tryptophan
+ glyceraldehyde-3-phosphate + H2O (1)

Indole + L-serine L-tryptophan + H2O (2)

Indole-3-glycerol phosphate indole + glyceraldehyde-
3-phosphate (3)

Reactions 1 and 2 require pyridoxal phosphate. Both components of

the enzyme are required for Reaction 1. The B component appears to

be independent of the A component for maximum Reaction 2 activity.

The A component catalyzes Reaction 3 but only at a fraction of the

velocities of Reactions 1 and 2. The ratio of reaction velocities for

Reactions 1:2:3 was estimated to be 1:2:0.002.

The pH optimum of partially purified tryptophan synthase for

both Reactions 1 and 2 is approximately 7.6. The enzyme is activated

by K+ > Na += NH4+, although an absolute univalent cation requirement

was not demonstrable.

Kinetic constants for Reaction 2 were ascertained for partially

purified enzyme extracts prepared both with and without desalting on

BioGel P-6 columns. The Michaelis constants (Km) for indole were



4.6 x 102 and 5. 0 x 10-2 mM for non-desalted and desalted prepara-

tions respectively, while the Km values for L-serine were 3.1 and

5. 7 mM for non-desalted and desalted extracts, respectively. Kinetic

data are consistent with an enzyme reaction mechanism involving the

formation of a ternary complex. The relatively high ratios of the

molar requirements for L-serine and co-substrates for Reactions 1

and 2, are explained, at least partially, by the fact that L-serine

functions as an allosteric effector as well as a substrate. Kinetic

constants for Reactions 1 and 3 were not precisely determined, al-

though apparent Km values for indoleglycerol phosphate in Reaction 1

were estimated to be 6.1 and 1. 3 x 102 mM for non-desalted and de-

salted enzyme extracts, respectively.

The relative distribution of tryptophan synthase activity was

assayed in cell-free enzyme extracts of different parts of 14-day-old

plants. The specific activity was highest in the shoot tip, among the

aerial parts of the plant. Less activity was observed in young leaves

and internodes and activity declined with maturation of each plant

part. Appreciable amounts of activity were also observed in the root

tips. The relative distribution of tryptophan synthase activity cor-

related well with the relative distribution of net auxin biosynthesiz-

ing activity in extracts of various parts of pea plants.

From a comparison of the properties of tryptophan synthase

from peas with those of other organisms, it was speculated that higher



plant tryptophan synthase evolved similarly to that of bacteria rather

than the fungi. Considerations were presented for Reaction 1 being

the physiologically significant reaction in pea plants, as in micro-

organisms.
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PARTIAL PURIFICATION AND PROPERTIES OF TRYPTOPHAN
SYNTHASE OF PEA (PISUM SATIVUM L.) PLANTS

INTRODUCTION

Tryptophan (I) is a heterocyclic aromatic amino acid which

NH2

CH2-C-COOH

H

is essential for all living organisms. In plants, in addition to being a

constituent of many proteins, it is also a precursor of a wide variety

of indole alkaloids. Another important role which is generally attri-

buted to tryptophan is that of serving as a precursor of the natural

auxin-type hormone indoleacetic acid (IAA)1 (II) in numerous species

of angiosperms, including peas (Pisum sativum L. ) (Gordon, 1958,

1

CH2COOH

Abbreviations: IAA: indole-3-acetic acid; IAld: indole-3-aldehyde;
IGP: indole-3-glycerol phosphate; Km: Michaelis constant; PALP:
pyridoxa1-5-phosphate; PPG: polypropylene glycol P-400 (Matheson
Coleman and Bell); PVP: polyviny43yrrolidone (insoluble Polyclar-AT
of General Aniline Film Corporation)
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1961; Moore and Shaner, 1967, 1968; Muir and Lantican, 1968; Erd-

mann and Schiewer, 1971). Since the pool size of free tryptophan in

pea seedlings is very small (Lawrence and Grant, 1963), it would

appear that the tryptophan biosynthetic pathway is subject to rigid

control.

Purpose of the Study

The relationship between tryptophan and IAA was a major rea-

son for undertaking these investigations. It was felt that a more

thorough knowledge of tryptophan biosynthesis would be of value in

better understanding auxin metabolism in higher plants. Specific ob-

jectives of the investigation included: partial purification and deter-

mination of various properties of tryptophan synthase of pea plants;

determination of the relative distribution of tryptophan synthase acti-

vity in pea seedlings; and a comparison of the properties of the tryp-

tophan synthase of pea plants with properties of the enzyme of other

organisms. The most useful recent reviews concerning tryptophan

synthase are those by Yanofsky (1960, 1963, 1967), Bonner, De Moss

and Mills (1965) and Ruban, Verkhovtseva and Lobyreva (1966).

Other general reviews on aromatic amino acid biosynthesis are those

by Umbarger and Davis (1962), Doy (1968), and Gibson and Pittard

(1968).
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Background

Indole was first suspected as an intermediate in the biosynthesis

of tryptophan as a result of the nutritional experiments with micro-

organisms by Fildes (1941) and Snell (1943), in which it was found

that indole could replace tryptophan as a growth requirement for cer-

tain bacteria. Indo le subsequently was tested as a substitute of tryp-

tophan for artificially produced mutants of Neurospora crassa and was

found also to support growth of certain auxotrophs (Tatum, Bonner

and Beadle, 1944). Indole is sufficiently similar to tryptophan that,

theoretically, the addition of an alanine side chain at the 3-position

is all that would be necessary to convert indole to tryptophan. Tatum

and Bonner (1944), using intact mycelium of N. crassa, investigated

this theoretical conversion and found that of the various compounds

tested, serine was the most effective source of the three carbon side

chain. L-serine was also found to be twice as effective as DL-serine.

Subsequent investigation by Umbreit, Wood and Gunsalus (1946), work-

ing with cell-free preparations from N. crassa, demonstrated a pyri-

doxal phosphate (PALP) dependency of the indole + serine condensa-

tion reaction. This enzyme has been called "tryptophan desmolase"

(Gordon and Mitchell, 1950), "tryptophan desmase" (Monod and Cohen-

Bazire, 1953) and more commonly "tryptophan synthetase" (Yanofsky,

1955a). The latter name was shortened by the International Union
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of Biochemistry to "tryptophan synthase" with the official name of

"L-serine hydro-lyase (adding indole), EC 4.2.1.20. "

Early investigations with tryptophan mutants of Neurospora were

concerned primarily with the characterization of the mutant tryptophan

synthase locus (Yanofsky, 1960). However, in order to obtain a more

thorough understanding of N. crassa mutants lacking tryptophan syn-

thase, studies were also conducted on a related problem, the biosyn-

thesis of indole. During these studies, various other organisms were

tested, and subsequently a mutant of Escherichia coli was isolated

which was blocked early in the tryptophan pathway and which formed

large amounts of the enzyme involved in indole synthesis when grown

on low levels of a tryptophan precursor, anthranilic acid (Yanofsky,

1955b, 1955c). Further studies by Yanofsky (1956a, 1956b) on indole

biosynthesis led to the isolation and identification of an intermediate,

indole-3-glycerol phosphate (IGP) (III), from which indole was formed.

OH OH 0
I I II

C-C-CH2-0-P-OH
I I

N H H 0
H H

(III)

This finding helped to clarify some of the mutant data which had also

just been reported. Gots and Ross (1957) reported the isolation of a
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mutant blocked between indole and tryptophan which accumulated

indoleglycerol. The IGP, Indole reaction was subsequently demon-

strated by Yanofsky in 1959.

During the investigations of the IGP to indole conversion, Yanof-

sky and Stadler (1958), mixing protein fractions from various mutants

of E. coli, made the observation that two proteins, termed components

A and B, were required for the conversion. Subsequent investigations

with tryptophan synthase preparations from wild-type N. crassa

(Yanofsky and Rachmeler, 1958) and E. coli (Crawford and Yanofsky,

1958) on the rates of the two separate reactions,

IGP Indole + Glyceraldehyde-3-phosphate

and

Indole + L- se rine --> Tryptophan

and the over-all summation reaction,

IGP + L-serine ---> Tryptophan + Glyceraldehyde-3-phosphate

yielded some interesting results. These experiments determined that

the IGP conversion to tryptophan was at least 10 to 20 times the rate

at which IGP was converted to indole. Yanofsky and Rachmeler (1958)

also demonstrated that in Neurospora the conversion of IGP to trypto-

phan proceeded without the intermediate formation of free indole.

Crawford and Yanofsky (1958) confirmed this observation for E. coli

and also found that there were two protein components in tryptophan

synthase of E. coli. They concluded that the direct conversion of IGP
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to tryptophan was probably the physiologically significant reaction.

Thus, the reactions catalyzed by tryptophan synthase as known for

microorganisms came to be summarized as follows:

Indole-3-glycerol phosphate + L- serine L-tryptophan

+ glyceraldehyde-3-phosphate + H2O (1)

Indole + L-serine 4 L-tryptophan + H2O (2)

Indole-3-glycerol phosphate ± indole + glyceraldehyde-3-

phosphate (3)

Reactions (1) and (2) require PALP. Reaction (3) does not re-

quire PALP although it can be stimulatory (DeMoss and Bonner, 1959).

Studies on the purification of tryptophan synthase from E. coli

(Crawford and Yanofsky, 1958) helped to correlate the various activi-

ties of tryptophan synthase with the component structure of the en-

zyme. Component A catalyzed the interconversion of IGP and indole

(Reaction 3); component B the condensation of indole with serine to

form tryptophan; and only the AB complex could catalyze Reaction 1,

IGP + Serine Tryptophan. Enzymatic studies with mutant proteins

of E. coli have indicated that mutant A protein will activate normal B

protein in Reaction 2, and most mutant B proteins will activate nor-

mal A in Reaction 3, but enzyme complexes with either mutant A or B

with the normal second component will not catalyze Reaction 1 (Yanof-

sky and Crawford, 1958). Therefore, physical association of com-

ponents A and B is required for appreciable activity in any of the
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reactions catalyzed by this protein pair (Crawford and Yanofsky, 1958;

Creighton and Yanofsky, 1966).

Yanofsky and his colleagues (1963, 1967; Yanofsky et al. , 1967)

have clearly demonstrated that the A and B components of E. coli are

two separate polypeptides coded by two independent but adjacent cis-

trons. The A protein has been shown to be a single polypeptide chain

(Carlton and Yanofsky, 1962), also called the a subunit. Henning et al.

(1962) purified and crystallized the subunit and determined a molecular

weight of 29, 500. Subsequent amino acid sequencing established the

molecular weight to be 28,700 (Guest and Yanofsky, 1966; Yanofsky

et al. , 1967; Creighton and Yanofsky, 1971). The B protein consists

of two identical polypeptide chains (Wilson and Crawford, 1965;

Creighton and Yanofsky, 1971), also designated in the literature as

P2. This dimer has a molecular weight of approximately 90, 000-

100, 000 (Wilson and Crawford, 1965; Goldberg et al. , 1966); Hatha-

way, Kida and Crawford, 1969). The P2 can be separated into

single p subunits but loses enzyme activity. It is the 132 subunit

that binds two moles of PALP per mole of dimer (Wilson and Craw-

ford, 1965) necessary for Reactions 1 and 2. The fully associated

tryptophan synthase of E. coli consists of one p2 and two a subunits

(Wilson and Crawford, 1965; Goldberg et al. , 1966). The a2P2 tryp-

tophan synthase complex is readily reversible into individual a sub-

units and P2 subunits with PALP and serine together greatly
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increasing the association of the two subunits (Creighton and Yanofsky,

1966).

Tryptophan synthase from Neurospora catalyzes the same three

reactions as that of E. coli. Purification of the enzyme (Mohler and

Suskind, 1960; Ensign, Kaplan, and Bonner, 1964; Carsiotis et al. ,

1965 and Meyer, Germershausen, and Suskind, 1971) has revealed

that, in contrast with E. coli, the enzyme does not consist of readily

dissociable subunits. The estimates of molecular weight range from

110, 000 to 150, 000. Attempts to separate activity by methods similar

to those used for E. coli have failed (Mohler and Suskind, 1960; Rach-

meler and Yanofsky, 1961; Ensign et al. , 1964). Carsiotis et al.

(1965), using methods which included 5 M guanidine HC1, achieved

separation and suggested that the Neurospora enzyme was a tetramer

with subunits being of two types and of approximately equal size

(about 35, 000 molecular weight). However, the subunits did not con-

tain the corresponding enzyme activities. In terms of enzymatic

activity then, Neurospora tryptophan synthase behaves as a single

component. Genetic mapping studies have revealed that in N. crassa

the two regions corresponding to the two component activities are

linked in a single polypeptide chain which is under the control of a

single gene locus (Suyama, Lacy, and Bonner, 1964; Kaplan, Suyama

and Bonner, 1964; Bonner et al. , 1965).
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On the basis of biochemical, genetic and immunological studies,

it can be concluded that the tryptophan synthases from E. coli and N.

crassa are very similar. The enzymatic capabilities of the respective

tryptophan synthases to catalyze the three reactions are extremely

similar. The main difference between the two systems would appear

to be that in Neurospora crassa the regions of the genome which code

for the two components are linked and controlled by a single gene locus.

The protein ultimately translated is a single polypeptide chain. This

appears to be a fundamental similarity of tryptophan synthases of

fungi, for of the other fungal systems sufficiently characterized, each

case supports this conclusion (Manney, 1964; Hi:Ater and De Moss,

1967a and 1967b).

Tryptophan synthase has been described for many bacterial

species besides E, coli, including the following: Salmonella typhi-

murium (Balbinder, 1962), Pseudomonas putida (Crawford and Gun-

salus, 1966), Bacillus subtilis (Schwartz and Bonner, 1964), Serratia

marcescens (Balbinder, 1964) and Chromobacterium violacem (Weg-

man and Crawford, 1968). The general conclusion is that, of the bac-

terial systems which have been sufficiently studied, all possess two

separable components A and B which are capable of catalyzing the

reactions, as described for E, coli.

Tryptophan synthase has also been studied in two algal species,

the blue-green alga Anabaena variabilis and the green alga
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Chlorella ellipsoidea (Sakaguchi, 1970). Both species contain two-

component systems similar to E. coli. However, Anabaena, Chlorella

and also, apparently, B. subtilis exhibit one common feature distinct

from the general bacterial system. That is, although both components

A and B are required for Reaction 1 and for maximal activity in Re-

action 3 as in bacteria, component B appears to exhibit maximal ac-

tivity in Reaction 2 by itself. Complementation and immunological

studies, summarized by Bonner et al. (1965), confirm this observa-

tion that component B in Anabaena and Chlorella is distinct from

E. coli component B.

The biosynthesis of tryptophan has been studied in various

higher plant systems. In 1957, Polyanovski and Kretovich reported

that infiltration of pea sprouts with indole and serine gave significant

increases in extractable tryptophan. Mudd and Zalik (1958) reported

that exogenous indole was metabolized by tomato plant tissue and ex-

tracts and that this was correlated with an increase in detectable tryp-

tophan. In 1959, Greenberg and Galston demonstrated tryptophan

synthase activity in pea seedling extracts, and in the same year,

Holmsen and Teas reported tryptophan synthase in extracts from peas

and maize. Wightman et al. (1961), administering various compounds

including indole-2-14C and L-serine-3-14C to barley shoots, reported

isolation of radioactive tryptophan and gramine, an indole alkaloid

derived from tryptophan. Nair and Vaidyanathan (1961) reported
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tryptophan synthase in the legume Bengal gram and, in 1964, reported

on the partial purification and properties of tryptophan synthase from

Bengal gram. While the present investigations were in progress,

Delmer and Mills (1968a) described the general features of the trypto-

phan biosynthetic pathway in cultured callus tissue of tobacco (Nico-

tiana tabacum) and subsequently (1968b) reported on the partial purifi-

cation and subunit character and properties of tryptophan synthase

from tobacco callus. They succeeded in separating the tobacco callus

enzyme into two components by differential precipitation with ammoni-

um sulfate. Both components A and B were necessary for catalysis

of Reaction 1, component B alone catalyzed Reaction 2, but Reaction 3

could not be detected. Recently Chen and Boll, (1968, i969) re-

ported on some properties of tryptophan synthase and inhibitors thereof

in pea seedlings. 2 Also quite recently Schiewer et al. (1970) reported

the conversion of IGP to tryptophan in extracts of peas.

2 Two additional papers -- presenting more detailed information on the
endogenous inhibitor of tryptophan synthase and some characteristics
of partially purified tryptophan synthase of Alaska peas, respectively
-- were published after this thesis was in the final stage of prepara-
tion and hence are not cited in detail in the text:
(a) Chen, J. and W. G. Boll. 1971a. Tryptophan synthase: purifi-

cation, and some properties of an inhibitor from pea roots.
Can. J. Bot. 49:821-832.

(b) Chen, J. and W. G. Boll. 1971b. Tryptophan synthase: a two-
component enzyme from pea plants (Pisum sativum cv. Alaska).
Can. J. Bot. 49:1155-1163.
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MATERIALS AND METHODS

Source and Purity of Reagents

IGP was prepared by the method of Smith and Yanofsky (1963).

A suitable strain of E. cob. (T-3 of the auxotrophic K-12 strain) was

kindly provided by Dr. Charles Yanofsky, Stanford University, Stan-

ford, California. A generous sample of IGP was graciously supplied

by Dr. John K. Hardman, Johns Hopkins University, Baltimore,

Maryland. Polyvinylpyrrolidone (PVP) (insoluble Polyclar-AT) was

purchased from General Aniline Film Corporation, Graselli, New

Jersey. Indo le-2-14C was purchased from Schwarz BioResearch

Corporation, Orangeburg, New York. Toluene-14C and constituents

of the liquid scintillation counting solutions, 2, 5- diphenyloxazole

(PPO), p- bis- 2- (5'phenyloxazolyl)- benzene (POPOP) and tripheny1-

2-terphenyl were purchased from Packard Corporation, Downers

Grove, Illinois. Polypropylene glycol P 400 (PPG) was purchased

from Matheson, Coleman and Bell, Norwood, Ohio. Protamine sul-

fate was purchased from Eli Lilly and Company, Indianapolis, Indiana.

Silica Gel G was purchased from Brinkmann Instruments Company,

Westbury, New York. All other chemicals were reagent grade and

organic solvents were redistilled before use.
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General Procedures

Culture of Plants

All experiments were performed with Alaska peas (Pisum

sativum L. cv. Alaska; W. At lee Burpee Company, Riverside, Cali-

fornia). For experiments on properties of crude enzyme and partial

purification, seeds were planted in vermiculite and grown in a green-

house under a 16-hour photoperiod at approximately 22° and a light

intensity of 800-1000 ft-c (sunlight supplemented by Gro-Lux fluor-

escent lamps) and an 8-hour dark period at approximately 16°.

Plants were harvested 6 or 7 days after planting.

For investigations of the relative distribution of tryptophan

synthase activity, seeds were planted in vermiculite but were culti-

vated in a growth chamber (16-hour photoperiod at 24 + 1° and a

light intensity of approximately 600 ft-c and an 8-hour dark period

at 18 + 1°). The plants were harvested 13 or 14 days after planting.

Preparation of Enzyme Extract

Unexpanded terminal buds excised just above the 2nd scale

leaf (node 3) of six- or seven-day-old seedlings generally were used

for the preparation of enzyme extracts. While harvesting, the plant

material was placed in a beaker surrounded by ice or was directly

frozen in liquid nitrogen. Plant material was ground with 0.1 M
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potassium phosphate buffer, pH 8. 2,in either a pre-cooled (-200) mor-

tar with pestle, Sorvall omnimixer, or Waring blender, depending

upon the quantity of material to be homogenized. In initial experiments

enzyme extracts generally were prepared with a buffer:tissue ratio of

0. 5 m1:1 g fresh weight, but in later experiments the ratio was changed

to 1 m1:1 g. Homogenates were centrifuged at 40, 000 x g for 20 min-

utes and the resulting supernatant was used as crude enzyme extract.

In extracts to which protamine sulfate (15 mg/ml solution) was added,

a final concentration of 0. 2% (w/v) was initially used. This was later

changed to 0. 5% (5 mg protamine sulfate/g fresh weight). After stir-

ring for five minutes, the protamine sulfate-treated extract was cen-

trifuged at 40, 000 x g for ten minutes. The pellet was discarded and

the supernatant was used as the enzyme extract.

In investigations on the relative distribution of tryptophan syn-

thase in 13- or 14-day-old pea plants, plant material utilized was as

follows: shoot tips were excised above the 6th node; young leaves and

stipules (no petioles) were excised at the 6th node; samples of young

internode were taken from the apical 1 cm of the 5th internodes; ma-

ture leaves and stipules were excised at the 4th node; samples of ma-

ture internode were taken from the apical 1 cm of the 3rd internode;

and root samples were taken from the apical 2 cm of the primary

roots. Root tips were surface-disinfected in 0. 5% Na0C1 and rinsed

thoroughly with distilled water before homogenization. Grinding was
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done in a mortar with pestle as previously described. PVP was

added to the grinding medium, where indicated, at ratios of 0. 5 or 1. 0

gram of PVP:1 gram fresh weight of tissue.

Partial purification of tryptophan synthase was begun with the

protamine sulfate treatment which was previously described. Then

polypropylene glycol P 400 (PPG) was added to enzyme extract (45 ml

PPG/100 ml extract). After stirring 30 minutes, the extract was

centrifuged at 20, 000 x g for 30 minutes. The pellet was discarded

and the supernatant was further treated with PPG (55 ml PPG/100 ml

extract). After stirring 30 minutes, the extract was centrifuged at

27, 000 x g for 20 minutes. The supernatant was discarded and the

pellet dissolved in 20% of original volume before centrifugation. The

dissolved pellet was centrifuged at 27, 000 x g for ten minutes during

which only a small "skin" generally pelleted and this was discarded.

Enzyme extract at this step was designated PPG extract. To the PPG

extract was added slowly solid (NH4)2SO4 to 50% saturation. After

stirring for 30 minutes, the suspension was centrifuged at 20, 000 x g

for 30 minutes and the supernatant discarded. The pellet was resus-

pended in 0. 1 M phosphate buffer, pH 7. 8, in 25% original volume

before the addition of ammonium sulfate and centrifuged at 27, 000 x g

for ten minutes. The pellet was resuspended in a small volume of

buffer and recentrifuged. The supernatants were combined and ap-

plied to a BioGel P-150 column which had been equilibrated with 0.1 M
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phosphate buffer, pH 8.2. Five-ml fractions were collected at a flow

rate of about 0.4 ml/minute. Tryptophan synthase was eluted soon

after the front, as determined by an assay in which conversion of

indole to tryptophan is measured colorimetrically (see description of

assay procedure in the following section). Fractions with the highest

specific activity were pooled and applied to a diethylaminoethyl cellu-

lose (DEAE) (Whatman DE 32) column which had been equilibrated with

0.1 M phosphate buffer, pH 8.2. Protein was eluted with equilibrating

buffer without a gradient. Five-ml fractions were collected at a flow

rate of approximately 0.25 ml/minute and activity generally appeared

8 or 9 fractions after the void volume.

General Assay Procedures

Reaction 2: Indo le + L-serine --+Tryptophan

Standard reaction mixtures were prepared in glass-stoppered,

conical 12-m1 tubes and each contained 30 iimoles of L-serine, 0.2

1.1.moles indole, 10 lig PALP, 0.16 or 0.2 ml of 0.1 M potassium phos-

phate buffer, pH 7.8, distilled water and enzyme extract in a total

volume of 1. 0 ml. The reaction mixtures were incubated at 30° for

30 or 60 minutes and the reactions were stopped by the addition of 0.2

ml of 5% NaOH.

Enzyme activity was assayed utilizing the method of Yanofsky

(1955a), according to which disappearance of indole is measured
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colorimetrically. Residual indole was extracted from each reaction

mixture with 3 ml of toluene. After the addition of the toluene, the

contents of each tube were mixed thoroughly and then centrifuged at

low speed to expedite separation of the aqueous and organic phases.

A 1-ml sample of each toluene phase was incubated with 4 ml of 95%

ethanol and 2 ml of Ehrlich's reagent (3. 6 g of p-dimethylaminoben-

zaldehyde plus 18 ml of concentrated HC1, diluted to 100 ml with 95%

ethanol). Following a 30-minute reaction period, the absorbance at

570 nm was measured. A variety of controls was employed in initial

experiments, including reaction mixtures from which enzyme extract

was omitted, mixtures containing boiled enzyme extract, and mixtures

terminated at zero time. Non-enzymatic activity was never detected,

and no variation was observed among the controls; therefore, only

no-enzyme controls were routinely employed in subsequent experi-

ments.

For the identification of tryptophan as a product of the reaction

in which indole disappeared, radioactive indole was employed. To a

standard reaction mixture was added 0.5 tiC of indole-2-14C (sp. act.

= 16. 3 mc/mmole) in addition to the 0. 2 timoles of carrier indole.

Following termination of the reaction, residual indole was extracted

several times with toluene. After removal of the toluene layer, 0. 5

ml of 20% trichloroacetic acid was added to the aqueous phase. The

mixture was allowed to cool in an icebath for 15 minutes, and the
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precipitate was centrifuged out. The supernatant was evaporated to

dryness under vacuum. Tryptophan was extracted from the residue

with hot 95% ethanol (-75°) and identified by thin-layer chromatography,

as described in another section.

Reaction 1: IGP + L-serine --*Tryptophan

The conversion of IGP to tryptophan was carried out in a re-

action mixture identical with the above except that 0. 1 p.mole of IGP

was substituted for indole. The assay (Smith and Yanofsky, 1962) is

based upon the oxidation of residual IGP to indole-3-aldehyde (1A1d)

by metaperiodate. After incubation of the reaction mixtures, 0. 2 ml

of 1 M acetate buffer, pH 5. 0, immediately followed by 1. 0 ml of 0.1

M sodium metaperiodate were mixed with each reaction mixture and

allowed to incubate at room temperature for 20 minutes, Then 0. 4 ml

of 1 N NaOH was added, followed by 5 ml of ethyl acetate. The tubes

were shaken thoroughly to extract the LAld and then were centrifuged

at low speed to separate the phases. The concentration of IAld in the

ethyl acetate layer was measured by its absorbance at 290 nm.

Reaction 3: Indole + glyceraldehyde-3-phosphate --) IGP

A complete reaction mixture (modification of that described by

Hardman and Yanofsky, 1965) contained 6 ilmoles of DL-glyceralde-

hyde-3-phosphate, 1 ix of indole-2-14C (sp. act. = 33 mc/mmole),
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1 iimole of indole, 2. 0 ml of 0. 05 M potassium phosphate buffer, pH

7. 0, distilled water and enzyme in a final volume of 5 ml. Reaction

mixtures were incubated for 90 minutes at 30°. The reaction was

stopped by the addition of 3 ml of toluene. Reaction mixtures were

thoroughly mixed and the phases were separated by centrifugation at

low speed. The toluene layer was pipetted off and the toluene extrac-

tion was repeated five times to insure complete removal of radioactive

indole. After the toluene extraction, samples were placed in the

freezer (-20°) overnight. The residual toluene subsequently was de-

canted off the frozen aqueous phase. Samples were gassed briefly

with nitrogen to remove the last of the toluene. The aqueous phase

then was allowed to melt and any radioactive IGP which had formed

was oxidized to IAld by a periodate reaction containing 0.5 ml of 1 M

acetate buffer, pH 5. 0, and 0. 5 ml of 0. 5 M periodate. After 20

minutes incubation at room temperature, 1. 0 ml of 1 N NaOH was

added, followed by 4 ml of ethyl acetate. Replicate ethyl acetate ex-

tracts were combined and concentrated in vacuo to a small volume.

Analysis was continued by thin-layer chromatography, as described

in the next section.

Product Identification, Chromatography and Radioassay Procedures

All thin-layer chromatography was conducted on 5 x 20 cm glass

plates coated with a 250p, -layer of silica gel G.
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Identification of Tryptophan. The radioactive material presumed

to be tryptophan was chromatographed in two solvent systems, n-pro-

panol:water (7:3, v/v) and n-butanol:glacial acetic acid:water (4:1:1,

v/v/v). Carrier DL-tryptophan was co-chromatographed with each

radioactive extract. Carrier DL-tryptophan was detected by its

fluorescence in ultraviolet light (--250 nm).

Identification of Indolealdehyde. Ethyl acetate extracts were

analyzed for IAld by thin-layer chromatography in three solvent sys-

tems: isopropanol:ammonia:water (8:1:1, v/v/v); benzene:acetone

(9:1, v/v) and chloroform:methanol (93:7, v/v). Authentic IAld was

co-chromatographed with each chromatogram. For the identification

of non-radioactive product, ethyl acetate extracts from several reac-

tion mixtures were pooled in order to increase the IAld content suffi-

ciently for identification. Authentic IAld and non-radioactive lAld

were located on the chromatograms by their fluorescence in ultraviolet

light. Radioactive IAld was located as described in Radioassay Pro-

cedures.

Radioassay Procedures. Radioactive thin-layer chromatograms

were scanned to locate the position of the radioactive compounds with

a Packard Radiochromatogram Scanner, Model 7201. The area of

silica gel corresponding to the loca.tion of authentid product was

scraped from each chromatogram and placed in a liquid scintillation
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vial to which was added 10 ml of counting solution, either toluene

containing 0.3 mg of p-bis-2' -(5'-phenyloxazoly1)-benzene and 30 mg

of triphenyl-p-terphenyl per 10 ml or the R-dioxane counting solution

according to Bray (1960). The radioactivity measurements were de-

termined by a Packard Tricarb Liquid Scintillation Spectrometer,

Model 3375. Counting efficiency was approximately 85%.

Protein and Nitrogen Determinations

Total nitrogen content was determined by the micro-Kjeldahl

procedure (Horwitz, 1965). Protein measurements were made by the

method of Lowry et al. (1951) with bovine serum albumin as the stan-

dard.
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RESULTS AND DISCUSSION

Some Properties of Crude or Protamine Sulfate-Treated
Enzyme Extracts from Shoot Tips of Pea Seedlings

The purpose of initial experiments was to determine various

properties of tryptophan synthase in relatively crude enzyme extracts.

In all these experiments one reaction, specifically Reaction 2, the

condensation of indole and serine, was assayed. The relationships

between rates of tryptophan synthesis and concentrations of indole

and serine are shown in Figures 1 and 2, respectively. Indole utiliza-

tion was directly proportional to indole concentration up to approxi-

mately 250 mp.moles per reaction mixture (Figure 1). Selecting

200 mp.moles indole/reaction mixture as standard, the saturating

concentration of L-serine was found to be approximately 30p.moles/

reaction mixture (Figure 2). The high molar ratio of serine to indole

required for maximum activity, approximately 150:1 in these studies,

is in agreement with microbial tryptophan synthases, and most re-

ports for plant tryptophan synthases (Greenberg and Galston, 1959;

Chen and Boll, 1968 and Delmer and Mills, 1968a). In Bengal gram,

however, Nair and Vaidyanathan (1964) reported a much lower ratio

for maximum activity, 20:1. They suggested that an active serine

deaminase was the reason for the high molar requirement. This is a

possibility for crude plant preparations but does not explain the high



Figure 1. Effect of indole concentration on the rate of tryptophan
synthesi.s. Each reaction mixture contained 0. 3 ml en-
zyme extract (-8 mg protein), 30 p,moles of L-serine,
10 µg of PALP, 0. 2 ml of 0. 1 M potassium phosphate buf-
fer, pH 8. 2, the indicated amount of indole, and distilled
water in a total volume of 1. 0 ml. Enzyme extract was
prepared with 0. 5 ml of buffer per gram fresh weight of
tissue. Incubations were at 30° for 60 minutes.

Figure 2. Effect of L-serine concentration on the rate of tryptophan
synthesis. Each reaction mixture contained 200 mp.moles
of indole, the indicated amount of L-serine and was other-
wise the same as described in the legend for Figure 1.



400

300

200

100

150

100

50

//.///////

/0

0

100 200 300

Indole Concentration (pM)

400

10 20 30

Serine Concentration (mM)

40

23



24

ratio requirement for purified microbial tryptophan synthase.

The effect of adding protamine sulfate to a crude enzyme extract

to a final concentration of 2 mg/ml is shown in Figure 3. Consistently

higher specific activities, up to saturating concentrations of enzyme,

were obtained with protamine sulfate than without. The increases in

specific activity reflect the marked reduction of protein concentration,

as estimated by Kjeldahl-determined nitrogen, in the enzyme extracts

by protamine sulfate. In the experiment described in Figure 3, for

example, the concentrations of Kjeldahl-determined nitrogen in the

control and protamine sulfate-treated enzyme extracts were 3. 9 and

2.3 mg/ml, respectively. Protein measurements (Lowry et al. , 1951)

from later experiments verify the fact that protamine sulfate treatment

reduces the protein concentration of enzyme extracts. Because of the

positive effect on specific activity, protamine sulfate treatment was

generally employed in subsequent experiments.

The rate of reaction was practially linear through 60 minutes

(Figure 4) and the incubation time used in subsequent experiments

typically was either 30 or 60 minutes. The activity increased linearly

with enzyme concentration through at least 0.3 ml of enzyme extract

6. 8 mg protein) (Figure 5); therefore, 0.3 ml was the amount of

enzyme extract which generally was used in all subsequent experi-

ments.
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Figure 3. Effect of protamine sulfate on specific activity of tryptophan
synthase in crude extracts. Crude enzyme extract was
treated with protamine sulfate to a final concentration of
2 mg/ml (A) or an equal volume of distilled water (B) for
five minutes. After centrifugation, activity was assayed
in standard reaction mixtures (see legend for Figure 1)
containing 200 milmoles indole with the indicated amount of
enzyme extract. Total nitrogen concentrations determined
by micro-Kjeldahl procedure were 2.3 mg N/ml for the pro-
tamine sulfate-treated extract (A) and 3.9 mg N/ml for the
control extract (B) treated with water. Incubations were at
300 for 60 minutes. Crude enzyme extract was prepared
using 0. 5 ml buffer per gram fresh weight of tissue.



Figure 4. Time course of reaction. Each reaction mixture contained
200 mp.moles indole, 30p.moles L-serine, 10 p.g PALP,
0. 2 ml 0. 1 M potassium phosphate buffer, pH 8. 2, 0.3 ml
enzyme extract and water in a volume of 1. 0 ml. Reac-
tions were incubated at 30° for the indicated lengths of
time. Enzyme extract was prepared using 1. 0 ml buffer
per gram fresh weight of tissue, and extract was treated
with protamine sulfate to a final concentration of 0. 2 %.

Figure 5. Relationship between enzyme concentration and reaction
rate. Reaction conditions were as described in legend
for Figure 4, except incubation was for 30 minutes and
indicated amount of enzyme extract was added. The pro-
tein concentration in the enzyme extract was 6. 8 mg /0. 3
ml.



200

150

100

50

75

'TA

o50

a)

a)

-8 25

20 40 60 80

Reaction Time (minutes)

100

0.10 0.20

Enzyme Extract (ml)

0.30

26



27

The optimum pH for tryptophan synthase activity in crude ex-

tracts was in the range 7. 5 to 8.2 (Figure 6), which is very similar

to the optimum of 8.2 reported by Delmer and Mills (1968b) for the

enzyme from tobacco callus. It is also similar, to the extent that the

data may be compared, to the optima reported by Greenberg and Gal-

ston (1959) and by Chen and _Boll (1969) for the enzyme from pea, but

is markedly different from the value of 5. 5 reported for tryptophan

synthase from Bengal gram (Nair and Vaidyanathan, 1964) and 5. 0 for

the enzyme from tomato (Mudd and Zalik, 1958).

An absolute requirement for PALP was not readily demonstrated..

The addition of PALP to crude enzyme extracts stimulated activity by

about 15% but was not absolutely required. Wilson and Crawford

(1965) reported the removal of PALP from the B component of E. coli

tryptophan synthase by dialysis for 72 hours against 0.1 M Tris-

chloride buffer, pH 7.8, containing 10 mM mercaptoethanol. Attempts

to dialyze tryptophan synthase of peas (0-40) resulted in approximately

15% loss of activity in six hours and complete loss of activity in 24

hours. The inactivation could not be restored by the addition of PALP.

Greater dependency of activity was achieved, however, by gel filtra-

tion. Passage of enzyme extract through a BioGel P-6 column in-

creased the stimulatory effect of PALP on activity by some 250%, but

an absolute requirement still was not established. It is not uncommon

for PALP to be bound very tightly to enzymes. For example, Matsuo
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Figure 6. Effect of pH on tryptophan synthase activity. Standard
reaction mixtures (see legend for Figure 4) were employed,
with the pH of each complete reaction mixture adjusted to
the desired value by adding NaOH or HC1 immediately prior
to incubation at 300 for 30 minutes.
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and Greenberg (1959) used 0. 05 M HC1 treatment in order to remove

PALP from homoserine-cystathionase. Thus, it is believed that tryp-

tophan synthase from peas does, in fact, have an absolute PALP re-

quirement and that this was not shown conclusively only because of

the inability to completely remove enzyme-bound PALP and retain

restorable enzyme activity.

Univalent cations such as K+, Na+ and NH4+ have a stimulatory

effect on tryptophan synthase activity. The effects of K+ and Na+ are

shown in Figure 7. Ammonium ion was also tested and found to be

about as effective as Na+. Tryptophan synthase from different organ-

isms and different components from the same system exhibit variation

in response to univalent cations. Yanofsky and Stadler (1958) found

that Na+ was more stimulatory than K+ in E. coli Reaction 2 activity.

Hatanaka et al. (1962) reported that Na+ was more effective in Reac-

tion 2 activity with components A and B present. However, component

B has some Reaction 2 activity by itself, which behaves differently

with respect to univalent cation stimulation than components A and B

together. With component B alone, Na+ was less effective than K+,

with NH4+ being the most stimulatory. Schwartz and Bonner (1964)

reported that for B. subtilis K+ was more effective than Na+ and that

NH4+ was inhibitory toward Reaction 2 activity. Thus, although it can

be generalized that univalent cations are stimulatory to tryptophan

synthase activity, the effect of a specific ion seems to vary with the
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source of enzyme and conditions of the assay. Further discussion of the

effect of K+ on tryptophan synthase of peas is presented in a later sec-

tion.

Identification of Tryptophan as a Product of
L-serine + Indole Condensation

The validity of assaying tryptophan synthase activity by measur-

ing indole utilization was confirmed by showing that indole disappear-

ance was, in fact, correlated with the formation of tryptophan. For

this purpose, indole-2-14C was used and radioactive tryptophan iso-

lated and chromatographed as described in Materials and Methods.

The strip chart tracings of thin-layer plates of the radioactive product

presumed to be tryptophan which were developed in n-propanol:water

(7:3, v/v) or n-butanol:glacial acetic acid:water (4:1:1, v/v/v) are

shown in Figure 8. On chromatograms developed in both solvent sys-

tems only one zone of radioactive material was seen, which coincided

in both cases with the position of authentic DL-tryptophan which was

co-chromatographed in each case. Although no other radioactive sub-

stances could be detected on the chromatograms, the behavior of in-

dole-2-14C was tested in each solvent system. In both solvent sys-

tems indole-2- 14C had a higher mobility than tryptophan and could be

easily separated from tryptophan.



Figure 8. Strip chart tracings of radiochromatograms of a 14C-
labelled compound, presumptive L-tryptophan-14C,
which was isolated as. a product of the indole + L-serine
condensation reaction. A, developed in n-propanol:water
(7:3); B, developed in n-butanol:acetic acid:water (8:1:1).
The position of authentic non-radioactive DL-tryptophan
which was co-chromatographed with radioactive product
in each case is shown by an arrow.
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Relative Distribution of Tryptophan Synthase Activity
in Various Parts of the Pea Plant

The relative distribution of tryptophan synthase activity in vari-

ous parts of 2-week-old Alaska pea plants is shown in Table 1. The

relative specific activities of the enzyme extracts prepared from dif-

ferent plant parts were comparable, except in the case of root tips,

whether expressed as rate of indole utilization per milligram protein

or per gram fresh weight. Specific activity was highest in the shoot

tip, among the aerial parts of the plants. Less activity was observed

in young leaves and internodes, and activity declined with maturation

of each plant part. Based on these data it is probable that the various

parts of the pea plant differ in their capacities to synthesize tryptophan,

although the extrapolation from in vitro enzyme assays to in vivo con-_
ditions is quite speculative. Tryptophan content probably is one im-

portant factor regulating biosynthesis of IAA in pea plants. It is of

interest, therefore, to note that the relative distribution of tryptophan

synthase activity in cell-free extracts of different parts of pea plants

is very similar to that reported for an enzyme system which catalyzes

IAA biosynthesis from tryptophan in peas (Moore, 1969).

It is important to note that protein analyses in the enzyme ex-

tracts described in Table 1 were made by the method of Lowry et al.

(1951), which is subject to positive interference by phenolic compounds;

therefore, the experiment described in Table 1 was performed twice



Table 1. Relative distribution of tryptophan synthase activity in different parts of 2-week-old
Alaska pea plants.

Plant part(s)
milmoles indole utilized/hr

per mg protein per gram fresh weight
Protein conc.
mg/ml extract

Shoot tips 5.$ 25.7 17.6

Young leaves and stipules 1.6 4.3 26.9

Young internodes 2. 5 7. 0 8. 5

Mature leaves and stipules 0.2 0.2 13.4

Mature internodes 0. 0 0. 0 2. 7

Root tips 4.1 11.5 5.6

*Samples of freshly harvested plant material were frozen in liquid nitrogen and homogenized
in 0. 1 M potassium phosphate buffer (1 m1:1 gram fresh weight), pH 8. 2. All values are the
means based on duplicate samples from a single experiment, which was repeated on a different
occasion with similar results. Protein analyses were by the method of Lowry et al. (1951).



35

with extracts prepared with polyvinylpyrrolidone (PVP) (0. 5 g:g

fresh weight tissue). Protein measurements were consistently higher

in extracts prepared without PVP than in those treated with PVP.

However, the specific activities_of extracts prepared from all plant

parts, except mature leaves and roots, in the presence of PVP were

actually lower than in extracts of the same plant parts prepared with-

out PVP,, Thus it is concluded that PVP affected the enzyme extracts

in other ways besides binding phenolics, perhaps by removing some

Lowry-determinable enzyme active protein or, alternatively, causing

partial loss of enzyme activity. Because of its dubious value in

assaying tryptophan synthase, the use of PVP was generally discon-

tinued.

Previous reports of low activity of tryptophan synthase in roots

(Greenberg and Galston., 1959; Chen and Boll, 1968, 1969) were

readily confirmed for young root tissue in two experiments in which

enzyme extracts were prepared from 2-cm apical segments of pea

seedlings of different ages (5 to 15 days). Although the data are not

regarded as conclusive enough for detailed presentation, very low

specific activity was observed with enzyme prepared from the apical

2 cm of 5-day-old roots. Specific activity definitely increased, how-

ever, with enzyme extracts prepared from older roots. Indeed, the

specific activity in extracts of root tips of 15-day-old plants was ap-

proximately three times that in extracts of root tips of 5-day-old
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plants. The general trend obviously was toward increased activity

with time through 15 days.

There are at least two possible explanations for the increase

in tryptophan synthase activity in apical segments of pea roots with

advancing age of the plants. One possibility is that exhaustion of

mobilizable tryptophan from the cotyledons leads to derepression of

the tryptophan operon and production of the enzyme. Delmer and

Mills (1968a, 1968b) were unable to demonstrate any form of control

on the activity of tryptophan synthase in tobacco callus tissue. Re-

cently, however, Belser et al. (1971) reported that tryptophan exerts

end product control on anthranilate synthase, an enzyme in the tryp-

tophan pathway, in extracts and intact cells of. Nicotiana tabacum.

Another possible explanation is that the observed changes in activity

of tryptophan synthase in root tips were correlated with changes in

concentration or effectiveness of the endogenous inhibitors of trypto-

phan synthase in pea roots which were reported by Chen and Boll

(1969).

Partial Purification of Tryptophan Synthase

The partial purification of tryptophan synthase was followed

using Reaction 2 (indole + serine---) tryptophan) and therefore was

oriented essentially for component B. Table 2 shows a summary of

a typical purification procedure, which results in a net purification



Table 2. Summary of partial purification of tryptophan synthase from pea plants. *

Step

Total
activity
(units)+

Total
protein

(mg)
Specific activity

(units/mg protein)

Activity
recovered

(%) Purification

Crude extract 38,800 3080 12.6 100

Protamine sulfate
supernatant 51,700 2560 20.2 133 1.6

Second polypropylene
glycol ppt. 41,300 435 95.6 106 7.6

Ammonium sulfate ppt. 30,400 320 98.2 78 7.8

BioGel P-150
column eluate 14,960 136 110 39 8.7

DEAE cellulose column
eluate 5,200 8.2 632 14 50.0

* Details of the purification are discussed in the text.

+ One unit is defined as 1 milmole indole utilized/hour.



38

of approximately 50-fold. The protamine sulfate and PPG treatments

caused an apparent increase in total enzyme units, perhaps because

of the removal of some inhibitory compound. The specific activity

following the ammonium sulfate step is perhaps lower than actual be-

cause the activity was measured without desalting the enzyme. Re-

moving residual ammonium sulfate by desalting through a BioGel P-6

column resulted in about a 25% increase in specific activity. How-

ever, since the extract was to be placed on a BioGel P-150 column

and would be desalted anyway, desalting was not performed prior to

assay of the ammonium sulfate step. The recovery from BioGel P-150

and DEAE cellulose columns was low for at least two reasons: (1) only

fractions of highest specific activity were pooled; and (2) the unstable

nature of the enzyme inevitably led to some inactivation. This pro-

cedure does not give high recovery but does yield relatively pure tryp-

tophan synthase. Polyacrylamide gel electrophoresis in Tris-glycine

buffer, pH 8.3, showed only one major band and two minor bands, It

is possible that the three bands represent the three possible combina-

tions of the two various components, A, AB and B. However, this is

only speculation since no attempt was made to assay the activity of

the bands. Further discussion concerning the enzyme components

follows in another section.

Since the PPG step of the enzyme purification gave high specific

activity with excellent recovery, it was selected as the partially
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purified preparation for the further study of tryptophan synthase.

Studies of the Univalent Cation Effect on Partially
Purified Tryptophan Synthase

Potassium ion has a profound effect on tryptophan synthase.

Preparing the enzyme in a potassium-free buffer changes the properties

of the enzyme toward the purification procedure. For example, when

using Tricine buffer during the purification, the PPG precipitate was

noticeably small and inactive, and the activity was not restored by the

addition of K+. Regrettably, sufficient experimentation was not con-

ducted in order to explain this observation.

Desalting a potassium phosphate PPG preparation through a

BioGel P-6 column equilibrated with Tricine buffer, pH 7.6, resulted

in about a 15% increase for Reaction 2 and a 25% maximum increase

for Reaction 1 upon the addition of 25 mM K+. However, there was

significant activity for both reactions without K+. Delmer and Mills

(1968b) found that for the tobacco tryptophan synthase, Reaction 1 had

maximum activity in the presence of about 50 mM K+.

It is felt that perhaps phosphate ion also has some effect on

tryptophan synthase. The only evidence suggesting this is the fact

that when the enzyme is prepared in Tris buffer and an equal amount

of potassium is added as KC1 or potassium phosphate buffer, the po-

tassium phosphate buffered reaction mixture always had higher actiyity.
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The possibility of a pH effect was not examined. In Neurospora it

appears that phosphate exerts an effect upon tryptophan synthase be-

cause two strains of Neurospora, wild-type and td201, when assayed

in HEPES buffer gave about the same specific activity but when assayed

in phosphate buffer activities varied by 40% (Meyer et al 1971),

The Conversion of Indole-3-glycerol Phosphate to Tryptophan

Standard reaction mixtures for the IGP + L-serine Trypto-

phan conversion contained 0. 1 p. mole of IGP, 30 p.moles of L-serine,

10 p.g of PALP, 0.2 ml of 0.1 M potassium phosphate buffer, pH 7. 8,

distilled water and enzyme in a total volume of 1. 0 ml. The assay,

performed as described in Materials and Methods, is dependent upon

the oxidation of residual IGP to IAld by periodate. The IAld was ex-

tracted from the reaction mixtures with ethyl acetate and its absor-

bance measured spectrophotometrically at 290 nm. In order to verify

that the compound absorbing at 290 nm was in fact IAld, the ethyl

acetate was evaporated to a small volume and chromatographed in

three solvent systems. Conditions of the chromatography are dis-

cussed in Materials and Methods. Authentic 'Aid was co-chromato-

graphed on each plate, and on chromatograms developed in all three

solvent systems only one fluorescent spot appeared in ultraviolet

light, which in each case corresponded to the position of authentic

'Aid.
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Tryptophan synthase activity of crude enzyme extract with IGP

as substrate is shown in Figure 9. For the crude enzyme, 0.2 p.mole

per reaction mixture was nearly saturating.

Reaction 1 tryptophan synthase activity with IGP as substrate

was always lower than Reaction 2 activity with indole as substrate.

Table 3 gives the comparative rates of both Reaction 1 and Reaction 2

activities through several steps of the purification procedure. The ac-

tivity of Reaction 1 was about half that of Reaction 2 after treatment

with PPG. This is in agreement with the system from E. coli and

Neurospora, which shows relative activity of about 2 to 1 in favor of

Reaction 2. However, this result is in contrast to tryptophan syn-

thase of N. tabacum extracts for which Delmer and Mills (1968b) re-

ported Reaction 2 to be 12 times that of Reaction 1. This marked

difference in ratio probably can be attributed to Reaction 1 not being

measured under optimum conditions in their investigations.

Separation of Tryptophan Synthase from Pisum sativum into
Two Components

In all systems in which tryptophan synthase has been separated

into two components, both components are necessary for catalysis

of Reaction 1. Therefore, Reaction 1 can be used as an easy means

to demonstrate two component activity (Table 3). The major portion

of Reaction 2 activity was precipitated in the 0-50% ammonium sulfate
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Figure 9. Effect of concentration of indole-3-glycerol phosphate on

velocity of Reaction 1 (IGP + L- serine tryptophan).
Each reaction mixture contained the indicated amount of
IGP, 30 p.moles L-serine, 10p, g PALP, 0.2 ml 0.1 M
potassium phosphate buffer, pH 8.2, 0.3 ml enzyme ex-
tract and distilled water in a total volume of 1. 0 ml.
Enzyme extract was prepared using 1 ml buffer per gram
fresh weight of tissue. Incubation was at 30° for 30 minutes.
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Table 3. Comparison of Reaction 1 and Reaction 2 tryptophan synthase activities during partial
purification.

Step*
Protein

( mg/ ml)

Indole
utilized

( m Funoles/hr),

Reaction 2
specific
activity

IGP
utilized

(mp.moles/hr)

Reaction 1
specific
activity

Crude extract 15.2 180 11.8 27 1.8

Protamine sulfate
supernatant 9.6 143 14.9 54 5.6

Second polypropylene
glycol ppt. 7.6 448 58. 9 220 28.9

Ammonium sulfate (0-50%)
ppt. (Component B) 9.6 648 67.5 160 16.6

Ammonium sulfate (50-80%)
ppt. (Component A) 2.8 20 7.1 0 0.0

Ammonium sulfate 0-50%
ppt. + 50-80% ppt. 6.6 428 64.8 180 27. 2

* Crude enzyme extract was prepared with 0.1 M potassium phosphate buffer, pH 8. 2,, at ratio
of 1 ml buffer: gram fresh weight of tissue. PVP was incorporated into the grinding medium
at ratio of 1 gram PVP:10 gram fresh weight of tissue.

Protamine sulfate was added to a concentration of 5 mg/g fresh weight of tissue.

The second polypropylene glycol ppt. was obtained by treating protamine sulfate extract with
45 ml PPG/100 ml extract. After centrifugation, the supernatant was treated with 55 ml PPG/100
ml extract, and the pellet after centrifugation was resuspended in 0.05 M potassium phosphate
buffer, pH 8. 2.

Ammonium sulfate (0-50%) ppt. was obtained by adding solid ammonium sulfate to PPG extract
to 50% saturation. The precipitate was dissolved in 0.05 M phosphate buffer, pH 8.2, and
desalted through BioGel P-6 column which had been equilibrated with 0.05 M phosphate containing
20 mg PALP/liter and 0.1 mM dithiothreitol.

Ammonium sulfate (50-80%) ppt. was obtained by adding solid ammonium sulfate to 80% satura-
tion to the supernatant of the first ammonium sulfate treatment. Pellet was treated in similar
manner as 0-50% ppt.

The 0 -50% ppt. + 50-80% ppt. fraction consisted of equal volumes of the two ammonium sulfate
fractions.
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fraction. Appreciable amounts of Reaction 1 activity also precipitated

in this fraction, but the specific activity showed a reduction rather

than an increase over the PPG step. The 50-80% ammonium sulfate

fraction showed a small amount of Reaction 2 activity but no Reaction

1 activity. However, an equal volume combination of the 0-50% and

the 50-80% fractions showed almost no dilution of Reaction 2 but

greatly increased Reaction 1 activity. The specific activity of Reac-

tion 1 was approximately restored to the level obtained for PPG.

Thus it appears that differential precipitation with ammonium sulfate

caused the separation of the enzyme into two components analogous

to the A and B proteins of the bacterial tryptophan synthases. It can

therefore be considered that a protein analogous to component A of

E. coli precipitated in the 50-80% ammonium sulfate fraction which

only in combination with component B is able to catalyze Reaction 1.

This is similar to the results reported by Delmer and Mills (1968h)

for tryptophan synthase from N. -tabacum. They also found that dif-

ferential precipitation with ammonium sulfate (0-35% and 35-75% in

their system) caused separation of the enzyme into two components.

Another observation that can be made in Table 3 is the apparent

partial independence of the component activities. It is obvious that

for Reaction 1 both components A and B are dependent upon each

other. As mentioned previously, in E. coli component B is stimula-

ted by component A in Reaction 2 activity. The Reaction 2 activity
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for an equal volume mixture of 0-50% and 50-80% fractions is more

than the sum of half the activities of 0-50% and the 50-80% activities

taken separately. This suggested tentatively that component A was

stimulating component B in Reaction 2. However, it was determined

that component B (0-50%) was assayed at enzyme-saturating conditions

where indole was rate limiting; therefore, total activity and specific

activity were lower than actual. Thus it is concluded that component

A does not, in fact, stimulate B in Reaction 2 activity. This is in

agreement with data for tryptophan synthase from other plant sources,

for example Anabaena and Chlorella (Sakaguchi, 1970). This is also

consistent with the data for N. tabacum, for which Delmer and Mills

(1968b) found that component B had maximum activity for Reaction 2

without component A.

Demonstration of Component A Activity

Delmer and Mills (1968b) showed the necessity of component A

for Reaction 1 activity but were unable to demonstrate any component

A activity; that is, the interconversion of IGP = Indole (Reaction 3).

To test for this activity with pea tryptophan synthase, enzyme partially

purified to the PPG step was chosen because it exhibited high specific

activities for Reactions 1 and 2. Thus, this preparation would insure

the best chance of observing Reaction 3, if present, since both com-

ponents A and B were present, and particularly if component A activity
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for Reaction 3 were to be stimulated by component B.

The most commonly employed assay for Reaction 3 is the IGP

Indole conversion. The rate of Reaction 3 in N. crassa is only

2% the rate of Reaction 1 (Meyer et al. , 1971) and, should the rate of

Reaction 3 be even lower in tryptophan synthase from peas, it was

felt that a very sensitive assay would be necessary to detect activity.

Thus a radioactive assay method was desired. Radioactive IGP would

have yielded the most direct assay, but it was not available except by

biosynthetic preparation. Therefore, the reverse reaction Indole >

IGP was employed with indole -2-14C.

Each reaction mixture contained 6 p.moles of DL-glyceraldehyde-

3-phosphate, 1 p.c of indole-2-14C (sp. act. = 33 mc/mmole),

of indole, 2. 0 ml of 0. 05 M potassium phosphate buffer, pH 7. 0, dis-

tilled water and enzyme in a final volume of 5 ml. Reaction mixtures

were incubated for 90 minutes at 30° and were stopped by the addition of

3 ml of toluene. The toluene extraction was repeated five times to

insure complete removal of radioactive indole, after which each sam-

ple was placed ina freezer (-200) overnight. The toluene subsequently

was decanted from the frozen aqueous layer. Samples were then

gassed briefly with N2 to remove any residual toluene. The aqueous

phase was then treated with periodate to oxidize to IAld any IGP which

might have formed, and the IAld was extracted with ethyl acetate.

Replicate samples were combined and evaporated to a small volume,
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and radioactive IAld was isolated and identified by thin-layer chroma-

tography in three solvent systems. Identification of radioactive IAld

was performed using the same procedure described previously for

non-radioactive IAld except that amounts of labelled IAld were insuffi-

cient to be detected by UV fluorescence. Therefore, radioactivity

was located by scanning the plates with a Packard Radiochromatogram

Scanner. In each solvent system only one major peak appeared which

corresponded in location to authentic co-chromatographed IAld (Fig-

ure 10). Areas of silica gel corresponding to the position of authentic

carrier IAld were scraped from each plate and counted by liquid scin-

tillation (Table 4). The results of an experiment are summarized in

Table 4.

The amount of radioactive IAld isolated increased with increas-

ing enzyme although the relationship was not absolutely linear (Table

4). The somewhat higher values obtained using solvent system 2

(benzene:acetone) probably is due to the fact that in this solvent system

IAld migrated only a short distance (R1. 1) from the origin and may

have been contaminated with other radioactive substances. The rather

high activity obtained from the no enzyme control was reinvestigated

in another experiment where other controls also were added. Along

with the no enzyme control were included a zero time control (com-

plete reaction mixture with 2. 0 ml enzyme but stopped at zero time)

and a no triose phosphate control (2. 0 ml enzyme + reaction mixture



Figure 10. Strip chart tracings of radiochromatograms of indole-
aldehyde-14C recovered from reaction mixtures catalyz-
ing Reaction 3 (indole-2-14C + glyceraldehyde-3-phos-
phate indoleglycerol phosphate-14C) following peri-
odate oxidation of synthesized radioactive indoleglycerol
phosphate to the aldehyde. The position of authentic,
non-radioactive indolealdehyde, which was co-chromato-
graphed with radioactive product in each case, is shown
by an arrow. On chromatograms A and B, 200111 samples
were spotted while chromatogram C had a 100111 sample.
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Table 4. The conversion of indole + glyceraldehyde-3-phosphate to indoleglycerol phosphate
(Reaction 3) by partially purified extracts of tryptophan synthase from pea plants.

Enzyme concentration
(ml)

Solvent system
1

IGP formed (dpm)*
Solvent system

2

Solvent system
3

0.0 107 162 146

0.5 268 337 273

1.0 531 601 386

2.0 945 1839 848

* IGP formation was determined by periodate oxidation of the product to IAld which was isolated
by thin-layer chromatography in three solvent systems: (1) chloroform:methanol (93:7);
(2) benzene:acetone (9:1); (3) isopropanol:ammonia:water (8:1:1). Numbers represent IAld
scraped from plates and counted by liquid scintillation counter at approximately 85% efficiency.
Background values have been subtracted.
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without triose phosphate incubated the entire 90 minutes). The no

triose phosphate control showed activity slightly higher than the 0. 5

ml enzyme value. Endogenous triose phosphate in the partially puri-

fied enzyme extract could explain this result. This possibility was

tested using a glyceraldehyde-3-phosphate dehydrogenase assay ac-

cording to which reduction of NAD+ to NADH is measured spectrophoto-

metrically. No endogenous triose phosphate could be detected in the

partially purified enzyme extract. It was calculated that the assay

was sensitive enough to detect as little as 0. 05 ilmoles of triose phos-

phate per 2 ml of enzyme extract. If endogenous triose phosphate were

present, however, amounts much less than 0. 05 p.moles/2 ml could

account for the activity seen. The results obtained from the no enzyme

control were similar to those reported in Table 4; that is, dpm in IAld

were approximately half that of the 0. 5 ml enzyme value. There was,

however, very little activity in the zero time control, suggesting that

there could have been some nonenzymatic activity. Even with the

possibility of a slight amount of nonenzymatic activity, the data ade-

quately justify the conclusion that tryptophan synthase from peas pos-

sesses the capacity to catalyze Reaction, 3.

Miscellaneous Factors Affecting Stability and Activity of
T ryptophan Syntha se

In the course of these studies, various additional incidental

observations were noted about tryptophan synthase of peas.
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Especially noteworthy is the troublesome fact that tryptophan synthase

is not a very stable enzyme. Crude enzyme extracts are more labile

than partially purified preparations. A crude enzyme extract stored

overnight at about 4° loses almost all enzyme activity, while a par-

tially purified preparation at the PPG stage loses about 60% activity.

The enzyme is inhibited by heavy metals and other agents which

can inactivate sulfhydryls, but sulfhydryl protecting agents do not

necessarily offer protection. Sulfhydryl reagents such as cysteine

and mercaptoethanol at concentrations from 0.1 to 1. 0 mM are slightly

inhibitory, with inhibition increasing as the concentration of the agent

increases.

The inhibition by cysteine is possibly due to competition with

serine at the active site. This possibility is supported by the fact that

Crawford and Ito (1964) observed that cysteine could substitute for

serine in Reactions 1 and 2. The reaction appears to be analogous to

that with serine exceptthat H2S is formed instead of H2O. The rate

achieved with cysteine is only about 15% that of serine. PPG prepara-

tions have a small amount of endogenous serine and display a slight

amount of activity without the addition of serine. This activity is not

affected by 5 p.moles of cysteine but is inhibited 50% by 10 moles of

cysteine and 100% by 3011mo les of cysteine. Thus, although cysteine

does not appear to substitute for serine in tryptophan synthase of peas,

it can interfere with the serine activity.
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One sulfhydryl protective agent, dithiothreitol, provides some

stabilization at 0.1 mM. The reducing agent metabisulfite and the

chelating agent ethylenediaminetetraacetic acid also contribute slightly

to stability of the enzyme at the concentration of 0, 1 mM.

Enzyme preparations from pea plants contain significant amounts

of protease activity. The protease activity remains with tryptophan

synthase through at least the PPG step. This was suspected as per-

haps one of the factors leading to inactivation of tryptophan synthase.

The addition of phenylmethylsulfonyl fluoride (PMSF), a specific pro-

tease inhibitor (Fahrney and Gold, 1963) at 0. 5 mM reduced the inac-

tivation of partially purified tryptophan synthase stored 24 hours at

4° from 60% to 25%.

Kinetic Studies with Partially Purified
Tryptophan Synthase

Enzyme extracts partially purified through the PPG step were

chosen as the enzyme preparations with which to perform kinetic ex-

periments because this preparation exhibited high specific activities

for both Reactions 1 and The pH optimum was determined for each

reaction to insure that the kinetic experiments would be conducted at

optimum conditions. The pH optimum for both reactions was deter-

mined to be in the range of 7. 4-7. 6 (Figure 11).

Data from which kinetic constants were calculated were obtained

through studies of initial reaction velocities in reaction mixtures in
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contained 100 milmoles IGP, 30 ilmoles L-serine, 10 tig PALP, 0. 1 ml potassium phos-
phate buffer, pH 7. 8, 0.15 ml enzyme extract and distilled water in a total volume of
1. 0 ml. The p1-1 of each reaction mixture was adjusted to the desired value before
incubation by adding NaOH or HC1 to the reaction mixture. Incubation was at 30° for 30
minutes. B, effect of pH on Reaction 2 activity. Each reaction contained 200 milmoles

t.71indole dnd was otherwise the same as in A.
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which one substrate was varied while the other was held constant at

various levels. Apparent Km values were calculated by the double

reciprocal plot method of Lineweaver and Burk (1934), and kinetic

constants were calculated using the graphical analysis method of

Vestling (1963).

In determining the kinetic constants for tryptophan synthase,

one assumption was necessary in order to simplify the analyses to

workable proportions. That assumption was that PALP was not a sub-

strate and under the condition of the coenzyme being present in satura-

ting amounts, tryptophan synthase could be considered to be a two-

substrate enzyme. This assumption simplifies the graphic analysis

by one dimension.

A general equation developed by Alberty (1953) for two-substrate

enzymes can be written as follows:

Vmax - KA KB + KAB
v [A] [B] [A][B]

where:

[A] = concentration of L-serine

KA = Michaelis constant for L-serine

[ B] = concentration of indole

KB = Michaelis constant for indole

KAB = "complex constant"
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When one substrate is varied while the other is held constant at

various levels, KA and KB can be determined graphically from Line-

weaver-Burk double reciprocal plots. The coordinates at the inter-

section point are either -1/A = KB or -1/B = KA . The inter-
KAB KAB

cepts from the double reciprocal plots represent the reciprocals of

the particular maximum velocities corresponding to the fixed concen-

tration of one of the substrates. When the intercepts are plotted as a

secondary intercept plot, 1/Vmax versus 1/concentration of the second

substrate, extrapolation to 1/Vmax = 0 gives -1/B = 1/KB or -1/A =

1/KA. Thus, from this graphic analysis one can obtain KB/KAB,

KA/KAB, -1/KB, -1/KA and Vmax. From the Michaelis constants

KA, KB and the "complex constant" KAB, one can compute K 1 =

KAB/KB and = KAB/KAd K2 the dissociation constants for the reaction

between free enzyme and each substrate. Whether these calculated

values agree with directly determined dissociation constants is a mea-

sure of how well any theoretical mechanism does or does not predict

the actual existing sequence of events.

The partially purified enzyme preparation was observed to con-

tain small amounts of activity without the addition of the substrate

L-serine. This endogenous activity could be removed by desalting the

enzyme through a BioGel P-6 column without affecting maximum spe-

cific activity (Figure 12). An attempt to determine an apparent Km

for serine using a double reciprocal plot of the data from an
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Figure 12. Comparative specific activities of partially purified enzyme extracts before and after
desalting through a BioGel P-6 column. Enzyme extract was desalted through a
BioGel P-6 column equilibrated with 0.1 M potassium phosphate buffer, pH 7. 8. Each
reaction contained 200 mp.moles indole, 10 lig PALP, 0. 2 ml 0. 1 M potassium phos-
phate buffer, pH 7. 8, 0.15 ml enxyme, distilled water and the indicated amount of
L-serine in a total volume of 1 ml. Incubation was at 30 for 30 minutes.
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experiment employing non-desalted enzyme yielded an interesting

bi-phasic graph (Figure 13). Desalting the enzyme removed the bi-

phasic nature of the double reciprocal plot but the plot still remained

non-linear (Figure 14). Addition of serine to the desalted enzyme re-

stored the double reciprocal plot to linearity (Figure 15), suggesting

that serine is an allosteric effector as well as a substrate. Other

examples of an allosteric effector restoring a non-linear double re-

ciprocal plot to linearity are deoxythymidine kinase (Okazaki and

Kornberg, 1964) and the NAD- specific isocitric dehydrogenase (San-

wal, Stachow and Cook, 1965). As further evidence for allosteric

activation by L-serine, it was thought that perhaps serine in combin-

ing with allosteric and active sites might exhibit some cooperative

binding. The Hill plot of log viVmax-v versus log S is a method of deter-

mining cooperative binding site interactions (Westley, 1969). The plot

yields a straight line with slope n. Slopes greater than 1 indicate co-

operative binding; as the value of n approaches 1 site interaction dis-

appears and binding can be considered normal. The Hill plots of non-

desalted, desalted and serine-pre-incubated preparations all yielded

slopes which were close to 1, indicating normal binding (Figure 16).

Since these data were obtained with only partially purified en-

zyme extract, interpretation concerning allosteric effects are only

speculative. Data are insufficient for a specific evaluation. One ob-

servation that can be made, however, is that if reaction velocities are
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measured at serine concentrations greater than 1 iimole/reaction the

double reciprocal plots tend to be linear. This was generally what

was done to determine apparent Km values for the reactants.

Experiments were conducted with PPG enzymes with and without

desalting in order to establish whether desalting altered the Km values.

Figure 17 shows a Lineweaver-Burk plot for serine with non-desalted

enzyme. Lines for the various concentrations intersect, which is

characteristic of ternary complex mechanisms. The secondary inter-

cept plot of the reciprocaloi the maximum velocities versus indole con-

centration is shown in Figure 18. Extrapolation to 1/Vmax = 0 gives

-1/Km for indole. The Km for indole was calculated to be 4.6 x 10-2

mM. The Km for L-serine was determined in a similar manner. A

double reciprocal plot for indole is shown in Figure 19, from which a

secondary intercept plot was drawn (Figure 20). Extrapolation to ,1 /Vmax=

0 gave -1/Km for serine for which the Km for serine was calculated

to be 3.1 mM.

The "complex constant" (KAB) was also calculated from Figure

18. The x coordinate of the point of intersection of the lines for the

various concentrations of indole is equal to -Km for indole/ "complex

constant". The Km for indole was calculated to be 4.6 x 10-2mM, the

coordinate of intersection -0.035 mM -1; thus, it follows that KAB

equals 1.3 (mmoles/liter)2.
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Figure 17. Double reciprocal plot of the reciprocal of initial
reaction velocity (1/v) of non-desalted, partially
purified enzyme versus the reciprocal of milli-
molar concentrations of L-serine. Indole con-
centrations were held constant at 150, 200, and
250 rnp.moles for curves A, B, and C, respec-
tively. Reaction conditions were as described in
legend of Figure 12, except concentrations of
indole and L-serine were varied as indica ted.
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Figure 20. Secondary intercept plot of the reciprocal of maximum
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this plot with y axis evaluates 1/Vmax, and that with x
axis, -1/Km for L-serine.
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Similar experiments were conducted with PPG enzyme which had

been desalted. The double reciprocal plot for serine is shown in Fig-

ure 21. Intercepts on the ordinate were plotted in a secondary inter-

cept plot (Figure 22) and the Km for indole was calculated to be 5.0 x

10-2mM. Analogous graphs were plotted for indole (Figures 23 and

24), and the Km for serine was calculated to be 5.7 mM. KAB for

desalted enzyme was calculated to be 3.3 (mmoles/liter)2.

The results of these graphical analyses yielded numerical values

for the Michaelis constants (Km values) for serine and indole and the

"complex constant" KAB for non-desalted and desalted enzyme. One

can also compute K1, since it equals to KAB/KB and K2 which is

equal to KAB/KA. K1 and K2 would represent the dissociation con-

stant for the reaction between free enzyme and each substrate. A

summary of all these calculated values is presented in Table 5.

Table 5. Summary of kinetic constants determined for Reaction 2 with desalted and non-desalted,
partially purified tryptophan synthase.

Kinetic constant non-desalted desalted

Km for indole 4. 6 x 10-2 mM

Km for L-serine

K
AB

K1

K2

3.1 mM

1. 3 mM
2

2, 8 x 101 mM

0. 42 mM

5.0 x 102 mM

5. 7 mM

3. 3 mM
2

6. 6 x 101 mM

0. 58 mM
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Figure 21. Double reciprocal plot of the reciprocal of initial reaction
velocity (1/v) of desalted, partially purified enzyme versus
the reciprocal of millimolar concentration of L-serine.
Indo le concentrations were held constant at 100, 200, and
400 mp.moles for Curves A, B, and C, respectively.
Experimental conditions were as described in legend of
Figure 12 except concentrations of indole and L-serine
were varied as indicated.
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Figure 24. Secondary intercept plot of the reciprocal of maximum
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trations of L-serine. The intersection of this plot with
the y axis evaluates 1/Vmax, and that with x axis, -1/Km
for L-serine.
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The Km for serine increased with desalting suggesting that de-

salting removes serine, and a higher concentration of serine was re-

quired in reactions with desalted enzyme in order to achieve half

maximum velocity.

It has been proposed that serine must bind to the B protein be-

fore indole binds to the protein (Faeder and Hammes, 1970). If this

were also the case for tryptophan synthase of peas, the explanation

for the increase of Km for serine might also apply for the Km for

indole, the "complex constant", KAB, and the dissociation constants

of indole, K1, and serine, K2, with enzyme.

Sufficient experiments for the complete determination of kinetic

constants for Reaction 1 were not done. The apparent Km values for

IGP were calculated to be 6.1 x 10-2 mM and 1.3 x 10-2 mM from

double reciprocal plots of non-desalted (Figure 25) and desalted (Fig-

ure 26) enzyme extracts, respectively.

It should be noted that, because insufficient experiments were

conducted with only partially purified enzyme and the data graphically

analyzed without statistical considerations, all the kinetic con-

stants presented are only approximate values.

Reference was made earlier to the fact that the Lineweaver-

Burk plots of reciprocal velocity versus reciprocal concentration of

one substrate with the other held constant at various levels were inter-

secting. This would suggest the involvement of a ternary complex as
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opposed to the substituted enzyme or "ping-pong" mechanism where

the lines of the corresponding double reciprocal plot would be parallel.

Although the data are consistent with ternary complex mechan-

isms, the kinetic significance of the ternary complex is not known.

Data are consistent for either mechanisms where the ternary complex

is significant kinetically (the random addition mechanism and ordered

addition mechanism) or is not significant kinetically (Theorell-Chance

mechanism). Sufficient experiments, such as product inhibition stu-

dies, were not conducted to more conclusively determine the specific

reaction mechanism involved. The type of mechanism for E. coli has

not as yet been determined. Creighton (1970) proposed that Reaction 1

proceeds by the random sequential addition of serine and IGP to the

enzyme. For Reaction 2, however, Faeder and Hammes (1970) favor

the ordered sequential addition of serine then indole to the enzyme.
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GENERAL DISCUSSION AND SUMMARY

Tryptophan synthase [ L-serine hydro-lyase (adding indole),

EC 4.2.1.20] was extracted and partially purified from seedlings of

Alaska peas (Pisum sativum L. cv. Alaska), properties of the par-

tially purified enzyme were determined, and kinetic experiments

were conducted in efforts to ascertain the reaction mechanism. Addi-

tionally, the apparent relative distribution of the enzyme activity in

different parts of pea seedlings was determined.

Properties of Tryptophan Synthase of Pea Plants

Approximately 50-fold purification of the enzyme was achieved

by a procedure which included sequentially protamine sulfate precipi-

tation, polypropylene glycol precipitation, fractional precipitation

with ammonium sulfate, gel filtration chromatography on BioGel

P-150, and chromatography on columns of DEAE -cellulose. Associa-

ted with 50-fold purification was approximately 14% recovery of the

activity originally present in crude extracts.

A problem confronted continually in the purification procedures

was loss of activity of the enzyme. The crude enzyme was more la-

bile than partially purified preparations. The addition of some of the

more common protecting agents such as EDTA, dithiothreitol and

metabisulfite, but not cysteine and mercaptoethanol, offered some
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protection but did not prevent inactivation. The addition of PALP and

serine was also slightly helpful in stabilizing activity. The enzyme

survived freezing only when frozen rapidly in liquid nitrogen and

slowly lost activity even at liquid nitrogen temperature. The use of

polyvinylpyrrolidone, a non-specific hydrogen bonding agent often used

to remove phenolics, caused a reduction in specific activity of Reaction

2. The possible effect of PVP upon subsequent stabilization of the en-

zyme is not known, but because PVP had a detrimental effect on acti-

vity, its use was generally discontinued.

Tryptophan synthase of peas is a two-component enzyme, of

molecular weight roughly estimated by exclusion chromatography to

be approximately 140, 000, which catalyzes three reactions:

Indole-3-glycerol phosphate + L-serine L-tryptophan

+ glyceraldehyde-3-phosphate + H2O (1)

Indole + L-serine L-tryptophan + H2O (2)

Indole-3-glycerol phosphate indole + glyceraldehyde-

3-phosphate (3)

Both components are required for Reaction 1; the B component

appears to be independent of the A component for maximum Reaction

2 activity. Reaction 3 is present but only at a fraction of the velocities

of Reactions 1 and 2. An estimation of the ratio of reaction velocities

for Reaction 1:Reaction 2:Reaction. 3 is 1:2:0. 002. This ratio is only

an estimate because no attempt was made to run Reaction 3 at
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optimum conditions. It is not known whether component B is stimula-

tory to component A in Reaction 3.

The pH optimum of partially purified tryptophan synthase for

both Reactions 1 and 2 is approximately 7. 6.

The enzyme is activated by K+ > Nat= NH4+, although an ab-

solute univalent cation requirement was not demonstrable. Addition

of 25 mM K+ (as KC1) to partially purified enzyme extracts, which

were initially prepared with 0.1 M potassium phosphate buffer and

subsequently desalted on BioGel P-6, caused a maximum increase of

25% for Reaction 1 and a 15% stimulation of Reaction 2. Higher con-

centrations of K+ inhibited Reaction 1 but continued to stimulate Re-

action 2. Potassium also profoundly affected the behavior of trypto-

phan synthase during purification. When the enzyme was prepared in

K+-free Tricine buffer, the polypropylene glycol precipitate was much

reduced and inactive, and activity could not be restored by the addi-

tion of K+. Phosphate ion also apparently affects tryptophan synthase.

When the enzyme was prepared in Tris buffer and then equal amounts

of K+ as KC1 or K-phosphate buffer were added, the reaction mixture

containing K-phosphate always exhibited greater activity.

Kinetic constants for Reaction 2 were determined using enzyme

extracts purified to the state of polypropylene glycol precipitates.

Values were ascertained both for enzyme extracts desalted with Bio-

Gel P-6 and non-desalted enzyme preparations. The Michaelis
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constants (Km) for indole were 4.6 x 10-2 and 5 x 10-2 mM for non-

desalted and desalted preparations, respectively, while the Km values

for serine were 3.1 and 5.7 mM for non-desalted and desalted extracts,

respectively. The "complex constant" and the dissociation constants

were also higher but by less than one order of magnitude in desalted

enzyme extracts.

The approximate 100-fold higher Km for serine than indole is

explained, at least in part, by the fact that serine apparently functions

as an allosteric effector as well as a substrate.

Kinetic constants for Reactions 1 and 3 were not precisely deter-

mined, although apparent Km values for indoleglycerol phosphate in

Reaction 1 were estimated to be 6. 1 and 1.3 x 10-2 mM for non-de-

salted and desalted enzyme extracts, respectively.

Comparison of Properties of Tryptophan Synthase
of Peas and Other Organisms

A comparison of the properties of tryptophan synthase from

peas with other organisms reveals many similarities but also some

interesting differences. Organisms chosen for the comparison are

three other systems which have been most extensively studied, Es--
cherichia coli, Neurospora crassa and Nicotiana tabacum.

The enzyme of all these organisms catalyzes Reactions 1 and

2 and the enzyme from all but N. tabacum catalyzes Reaction 3. The
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Neurospora enzyme (De Moss, 1962) is a single-component enzyme

while E. coli (Crawford and Yanofsky, 1958), N. tabacum (Delmer

and Mills, 1968b) and P, sativum all possess two-component enzymes.

Both components A and B are required to catalyze Reaction 1. In E.

coli, Reaction 2 is catalyzed by component B only at a slow rate and

is highly stimulated by the addition of component A. On the other

hand, Delmer and Mills (1968b) suggest that component B of N. taba-

cum retains maximum Reaction 2 activity without the addition of com-

ponent A. Tryptophan synthase from P. sativum also appears to have

Reaction 2 activity with component B independent of component A.

For P. sativum, N. tabacum (Delmer and Mills, 1968b) and

N. crassa (De Moss, 1962), K+ is a better stimulatory cation than Nab'.

The opposite is true for E. coli (Yanofsky and Stadler, 1958). The

pH optima are 7.6 for P. sativum, 7.8 for E. coli (Crawford and

Yanofsky, 1958) and N. crassa (Yanofsky, 1955a), and 8.2 for N.

tabacum (Delrner and Mills, 1968b).

A summary of the Km values for tryptophan synthase from peas

and some values reported in the literature for the enzyme from other

organisms is presented in Table 6. The Km values of tryptophan syn-

thase from various organisms show some variation. Differences for

respective Km values from organism to organism are as much as one

order of magnitude. Based on Km values, tryptophan synthase from

peas is perhaps most similar to N. crassa, a fact inconsistent with
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the component nature of the enzyme. An obvious explanation for the

discrepancy is not yet apparent.

Table 6. Summary of apparent Km values for tryptophan synthase from various organisms.

Substrate Organism

Escherichia coli* Neurospora crassa* Nicotiana tabacum* Pisum sativum

Indole

IGP

L-serine

0.165 mlvf (2)

0.15 mM (3)

24.6 mM (2)

0.07 mM (2)

0.20 mNi (1)

4.8 mM (2)

0.016 mM (2)

0.11 mivI (1)

34.0 mNI (2)

0.05 mM (2)

0.013 m/vi (1)

5.7 mM (2)

* Numbers in parentheses indicate reaction measured for the determination; all values reported
for E. coli N. crassa and N. tabacum are as cited in Delmer and Mills. ,(1968b).

+ Values obtained from desalted, partially purified enzyme.

Speculation Regarding Evolutionary Development
of Tryptophan Synthase

A comparison of the properties of tryptophan synthase from

phyletically diverse organisms provides a basis for speculation about

the evolutionary development of tryptophan synthase. Sakaguchi (1970)

has proposed a map of evolutionary correlation between bacterial,

fungal, and algal tryptophan synthases. If higher plant tryptophan

synthases are included, the evolutionary relationships proposed by

Sakaguchi (1970) can be extended as follows:

Tryptophan Synthase of Higher Plants

Two components partially independent

Nicotiana tabacum

Pisum sativum



Tryptophan Synthase of Algae

Two components partially independent

green alga Chlorella ellipsoidea

blue-green alga Anabaena variabilis

Tryptophan Synthase of Bacilli

Two components partially independent

Bacillus subtilis

Tryptophan Synthase of Coloform Bacteria

Two components completely dependent

Escherichia coli

Salmonella typhimurium

Serratia marcescens

Ancestral type

82

Tryptophan Synthase of Fungi

Single component

Neurospora crassa

Saccharomyces cerevisiae

Aspergillus niger

A general principle of this phyletic scheme is that enzymes

from related species are of the same type. This concept is supported

by evidence from other systems such as the lysine biosynthetic path-

way (Vogel, 1965), dehydrogenases (Kaplan, 1965) and aldolase

(Rutter, 1965). This sequence suggests that the fungi evolved sep-

arately from some ancestral group other than the bacteria. This
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notion is supported by the fact that not only do the fungi have a unique

single-component tryptophan synthase, but also a unique pathway for

lysine biosynthesis (Vogel, 1965).

It may then be concluded that the higher plant tryptophan syn-

thase evolved similarly to that of the bacteria and not to that of the

fungi. The degree of homology is demonstrated by the fact that Ana-

baena, Chiorella and Nicotiana tryptophan synthases can complement

E. coli tryptophan synthase to a certain degree (Sakaguchi, 1970;

Delmer and Mills, 1968b).

Physiological Considerations

The physiologically significant reaction in microorganisms is

thought to be Reaction 1 (Crawford and Yanofsky, 1958). In higher

plants this has not as yet been verified, although Delmer and Mills

(1968a) have demonstrated that the pathway in tobacco is similar to

that in microorganisms. Due to this great degree of similarity, it

is tentatively concluded that in higher plants also Reaction 1 is the

physiologically significant reaction.

An unequivocal determination of the physiologically most signifi-

cant reaction would be very difficult in higher plants. The extremely

powerful tool of genetic mutants so highly valuable in microorganisms

is not nearly so applicable in investigations with higher plants. Per-

haps the most direct approach for evidence on the physiologically
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significant reaction would be through the use of highly purified trypto-

phan synthase. This practice suffers from the limitation of utilizing

a highly artificial system but offers the advantage of probably being

less complex. Two basic experiments would be necessary. One is

the demonstration that indole is not an intermediate in Reaction 1

(IGP + L-serine Tryptophan). If, for example, the graphical

analysis of kinetic data with one substrate varied with the other held

constant at various levels gave parallel plots, this would indicate a

"ping -gong" mechanism and would suggest that indole is an enzyme-

bound intermediate. The other is proof that Reaction 3 cannot under

any circumstances convert IGP to indole, followed by Reaction 2 to

tryptophan, to account for the amount of tryptophan formed from IGP.

This demonstration of the physiologically significant reaction is, of

course, indirect and presupposes that in the plant indole must arise

from IGP and not some alternate pathway.

Indirect evidence suggesting Reaction 1 to be the physiologically

significant reaction in peas derives from the observation that the Km

for IGP is lower than that of indole. For enzymes which attack a

variety of substrates, those with the smallest Km have often been

regarded as the "natural substrate" (Nei lands and Stumpf, 1965).

This generalization is consistent for E. coli but not for N. crassa or

N. tabacum.
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The Distribution of Tryptophan Synthase Activity

The results of experiments concerning the distribution of trypto-

phan synthase activity show that in the shoot portion of the plant, high-

est activity is in the shoot tip. Diminution of activity was observed

with increasing maturation of each plant part. Thus, the interpretation

is that various plant parts differ in their capabilities to synthesize

tryptophan. The capacity to synthesize tryptophan correlates well with

the comparative net auxin biosynthesis in cell-free extracts of differ-

ent parts of pea plants as reported by Moore (1969). Auxin biosyn-

thesis was most active in extracts of terminal buds, with young stems

and leaves above the 5th node having lesser amounts of activity. Ac-

tivity decreased with enzyme extracts prepared from older stems and

leaves. Although the results of the comparative biosynthesis of trypto-

phan and auxin from parts of pea plants correlate well, it is, of course,

only speculation that the two in vitro activities are directly related.

It is apparent that a closer examination of the fate of the biosynthe-

sized tryptophan is necessary before an accurate evaluation of its

role as an auxin precursor can be ascertained.

A necessary inclusion in this examination would be the role of

D-tryptophan. As early as 1957, Good and Andreae identified malon-

yltryptophan extracted from tryptophan treated pea and spinach tissue.

They were also able to identify small amounts of malonyltryptophan
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in plants which had never been treated with exogenous tryptophan.

They were, however, unable to propose a physiological role for

malonyltryptophan. Zenk and Scherf (1963) subsequently showed that

the malonyltryptophan conjugate was in fact malonyl-D-tryptophan.

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

D-tryptophan occur naturally, at the point where growth stops and

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

glutamate. Further, as a blockage of IAA production, some indole

precursor of IAA is transformed to D-tryptophan which is immobilized

and "detoxified" as malonyl-D-tryptophan which is accumulated.

Another possibility would be that malonyl-D-tryptophan may serve as a

storage product for an auxin precursor when auxin requirements are

low. It is, of course, only speculation to even suggest that malonyl-

tryptophan could be a storage product of an auxin precursor. There is

no evidence to support this idea nor, apparently, has it been demon-

strated that the conjugation is even reversible.

Evidence is available, however, to suggest that D-tryptophan

may have some sort of physiological significance. Miura and Mills

(1971) reported demonstration of an L-tryptophan D-tryptophan

racemase in tobacco and also observed the conversion of D-tryptophan

to malonyl-D-tryptophan. It is interesting to note that in systems in

which tryptophan mimics the effects of IAA, and hence presumably is

converted to IAA, that both D- and L-tryptophan have been found to be
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effective. Gordon (1961) found that in several plant preparations D-

tryptophan was equal to or even more effective than L-tryptophan.

Similarly, Kim and Rohringer (1969) reported that in excised wheat

leaves D-tryptophan-2-14C conversion to IAA -14C was more efficient

than L-tryptophan-2-14C conversion to IAA-14C. Thus, although

tryptophan is certainly important in auxin metabolism, further study

is necessary before a complete understanding of their relationship

will be known.
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