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Introduction

The role of acetolactate as a precursor in valine
biosynthesis was first indicated by the isotopic studies
of Strassman et al. (18) and was subsequently sup-

ported by work on valine-less mutants of Escherichia
coli (21,22) and Neurospora crassa (24). The di-
rect conversion of acetolactate to a number of valine
precursors, and to valine itself, has since been dem-
onstrated in cell-free extracts of a number of micro-
organisms (11, 15, 19, 25). A similar conversion of
acetolactate to valine by crude extracts of spinach has
been reported recently (27) and the enzymes respon-

sible for this conversion demonstrated in cell-free ex-

tracts of Phascolus radiates (16).
The formation of acetolactate from pyruvate has

been observed in cell-free extracts of microorganisms
(3, 5, 11, 14, 21) and pyruvate oxidase preparations
from pigeon breast muscle (6). Such a synthesis has
also been reported briefly by Satyanarayana and
Radhakrishnan (16) for extracts of Phaseolus seed-
lings. The present communication reports on the
properties of a partially purified preparation of aceto-
lactate-forming enzymes from ripening pea seeds.
The relationship between the enzymes responsible for
acetoin and acetolactate synthesis is also considered.

Materials and Methods
Chemticals. Sodium pyruvate was prepared by

neutralization of redistilled pyruvic acid (British
Drug Houses) with NaHCO3 at 0 to 5°. Stock solu-
tions were stored at - 15° until used. Acetolactate
was prepared by the method of Krampitz (7). Acetal-
dehyde was freshly distilled before use. Thiamine
pyrophosphate (TPP) was obtained from the Sigma
Chemical Co.

Plant Material. Ripening seeds of pea (Pisum
sativumii L. var. Onward) were obtained from locally
grown plants and harvested immediately before use.

Assay of Acetoin- and Acetolactate-forming En-
zymies. The standard assay mixture contained en-

zyme, sodium pyruvate (0.6 mmole), Mg++ (5 pmole),
TPP (0.32 mole) and either potassium phosphate
buffer (0.3 mmole) or Tris-HCl buffer (0.3
mmole) of appropriate pH in a total volume of 3 ml.
Incubation was for 1 hour at 300, following which the
reaction was stopped by the addition of 1 ml of N
NaOH. For the determination of acetoin, 1 ml of
reaction mixture was made up to 10 ml and an

aliquot assayed by the method of Westerfeld (26).
The determination of acetolactate was based on the
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fact that it is readily decarboxylated to acetoin on
heating in dilute acid solution. A 1 ml sample of
the reaction mixture was acidified with dilute H2SO4,
heated at 70° for 10 minutes, cooled, neutralized
and made up to 10 ml. An aliquot of this solution
was taken for the determination of total acetoin, from
which the amount of acetolactate was calculated by
difference. The colors developed in the Westerfeld
assay were measured in a Unicam SP.500 spectro-
photometer at 503 m>R, using a zero-time sample as
reference. Enzyme activity is generally expressed
as Amoles of acetolactate or acetoin formed per mg
protein per hour.

Other Assay Procedures. Acetolactate decar-
boxylase and CO2 production in general were as-
sayed by conventional manometric techniques. Acet-
aldehyde was estimated by the method of Barker and
Summerson (1). Protein was determined by the
method of Waddell (23).

Preparation of Acetolactate-forming Enzymes.
Chilled, immature seeds (100 g) were blended in
300 ml of cold 0.1 M Tris-HCl, pH 7.5, and the re-
sulting slurry strained through several layers of mus-
lin. The filtrate was centrifuged for 15 minutes at
15,000 X g to remove cell debris and the supernatant
fluid retained as the crude enzyme preparation. This
was then subjected to (NH4)2SO fractionation at 0
to 50

The crude enzyme preparation (250 ml) was
treated with 45 g of solid (NH4)2SO4 and the in-
active protein precipitate removed by centrifugation.
To the supernatant fluid a further 15 g of (NH4)2SO4
were added and the precipitate spun down as before.
This precipitate contained the bulk of enzyme ac-
tivity, and was resuspended, with the aid of a glass
homogenizer, in 100 ml of 0.5 M potassium phosphate
buffer, pH 7.5 The enzyme was reprecipitated from
this solution by the addition of 24 g of (NH,)2SO4,
centrifuged and taken up in 50 ml of 0.02M potas-
sium phosphate, pH 7.5. This preparation was used
as enzyme in the majority of experiments reported
here.
As described under Results, evidence was obtained

for the presence of 2 acetolactate-forming enzymes
with different pH optima in the partially purified
preparation. In a typical experiment, using the stan-
dard assay conditions, the crude enzyme preparation
formed 0.1 and 0.13 Rmole of acetolactate per mg
protein per hour at pH 6 and pH 8.5 respectively.
Under the same conditions the fractionated prepara-
tion formed 0.96 and 1.24 ttmole of acetolactate per
mg protein per hour at pH 6 and pH 8.5 respectively,
representing approximately a 10-fold purification of
both enzymes.

Preparation of Acetoin-formiiing Enzymjze. Dry
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pea seeds were soaked in distilled water overnight at
0 to 5°. Fully imbibed seeds were rinse(l in dis-
tilled water, blended in an equal volume of cold dis-
tilled water and the filtered slurry centrifuged for 15
minutes at 15,000 X g. The supernatant fraction
(100 ml) was treated with 18 g of solid (NH,)2SO4.
The precipitated protein was then harvested by cen-
trifugation and resuspended in 10 ml of 0.02 At potas-
sium phosphate buffer, pH 6.5 This fraction con-
tained most of the enzyme activity present in the
preparation and was used in the experiments re-
ported here without further purification. A fivefold
purification of the acetoin-synthesising enzyme was

generally achieved by this fractionationIprocedlure.
Results

pH Optimia and Km Valutes of the Acetolactate-
formning Enz-ym es. Although the pH-activity curve
at a substrate concentration of 0.2 MI showed an op-
tinmum between pH 7 and 7.5. a prominent shoulder
was observed at pH 8.5, and lowering the pyruvate
concentration to 0.004 At displaced the single op-
timunm to between pH 8 and 8.5 (fig 1). In addi-
tion, a Linweaver-Burk double reciprocal plot of
substrate concentration against activity at pH 7.5
showed a sharp deviation from linearity as the sub-
strate concentration was increased (fig 2). No
such discontinuities were evident at either pH 6 or
pH 8.5, although the Linweaver-Burk plots were of
markedly different slope (fig 3). These results are
taken as indicating the existence of 2 distinct aceto-
lactate-forming enzymes in the ripening pea prepara-
tion, one with a pH optimum between pH 8 and 8.5
wAith a KM1l value of 3.2 X 10-3 AM, the other with an
optimum between pH 6 and 7 and a K,,, value of 4.3
X 10-2 i. Attempts to separate the 2 enzymes by
isoelectric precipitation, alcohol fractionation and ad-
sorption on calcium phosphate gels were unsuccess-
ful, leading to extensive denaturation of both compo-
nents. Selective denaturation of the pH 8.5 enzyme
by holding the preparation at pH 5.1 for 5 minutes
at 0 to 50 prior to assay, a device used by Rad-
hakrishnan and Snell (14) in their study of the cor-
responding enzymes from E. coli, also proved to be
unsuccessful, resulting in the partial inactivation of
both enzymes without resolution.

\Vhile the components of the acetolactate-synthe-
sizing systemi in the fractionated ripening pea pre-
paratioi could not be resolved, the data presented
above indicates that tl.e 2 enzymes can be studied
independently in the same preparation since the
pH 8.5 enzymlne contributes little to the activity at
pH 6. and the pH 6 enzyme is virtually inactive at
pH 8.5. In the following experiments, the activity of
the preparation at pH 6 and pH 8.5 is taken as being
representative of the pH 6 and pH 8.5 enzynmes, re-
spectively.

CoenZlymne and Mlletal Ion Requiremients of the
A ctolactate-forminig Enzym11es. In the absence of
TPP the activity of both enzymes was greatly re-
(luce(l, the pH 6 enzyme being slightly m11ore sensitive

Table I
Thiaminie Pyrophosphate and Ictal Ioi R'quiri-cnicnts of

the A cetolactate-formiiiug Enzymines
The basic reaction mixture contained sodium pyruvate

(0.6 mmole), potassium phosphate (0.3 mmnnole) or Tris
HC1 (0.3 mmole) buffer, and ripening pea preparations
(4.2 mg protein) in a total volume of 3 ml. Thiamine
pyrophosphate (0.32 [mole), 'Mg' (5 Stmole) and
Mn"+ (0.5 jrmole) were added as indicated.

Cofactors added

None
MgX++
TPP
TPP + M\,Ig++
TPP + M4Ii++

Acetolactate
(ltmole,tug protein hr)

pH 6 pH S.5

0.06
0.1
0.19
0.91
1.17

0.18
0.26
0.39
1.04
0.94

to the omission than the pH 8.5 enzyme (table I).
Acetolactate formation by fractionated extracts

at both pH values was considerably reduced in the
absence of adlledlmetal ions (table I). Both M\f-++
an(l Ain+ + were effective in restoring activity, al-
though the response to these ions cliffere(l at the 2
pH values. For the pH 6 enzyme Mn + was the
more effective activator. The reverse was true for
the pH 8.5 enzyme which showed greatest activity in
the presence of Mg++*

Sutbstrate Specificity and Produtcts of Acetolactate-
foruing Enz--ymies. Under the standard assay condi-
tions acetolactate was the major reaction product at
both pH values, although some acetoin was also
formed. Small amounts of acetaldehvde were also cle-
tected in reaction mixtures at pH 6. The ratio of
acetoin to acetolactate was fairly constant under these
conditions, especially at pH 8.5 w-\here the amount of
acetoin formed generally represented 5 to 10%~ of the
total acetoin estimated after acidification. The ratio
at pH 6 was rather more variable,, but the amount of
acetoin formed usually accounted for 10 to 20% of
the total estimated.
The addition of acetaldehyde over a range of con-

centration from 0.01 to 0.05 NI to reaction mixtures
containing 0.02 M sodium pyruvate slightly increased
acetoin formation relative to acetolactate at pH 6,
but was without effect on the amount of acetolactate
produced at either pH.

Acetaldehvde alone was not used as a substrate
for acetoin synthesis by the ripenillng pea preparations
at either pH.

Timie Course of Acetolactate Iornizatiw anld Effect
of Enzywmie Concentration. The rates of acetolactate
production at both pH values were linear for at least
the first 90 minutes of incubation. The rate of CO.,
evolution at pH 6 was linear for only the first 15
minutes after which it steadily- declined, although
total CO, production always exceededl that of aceto-
lactate. This apparent lack of stoichionletry at pH 6
is to be expected in view of the observed formation
of free acetaldehvde under these conditions.

For both enzymes. acetolactate formation w\as pro-
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FIG. 1 (upper left). Effect of pH on acetolactate formation at 2 substrate concentrations. Standard assay condi-
tions with pH and pyruvate concentration varied as shown. * 0.2 M pyruvate (0.1 M potassium phosphate); O 0.2
M pyruvate (0.1 M Tris-HCI); 0 0.002 M pyruvate (0.1 M potassium phosphate).

FIG. 2 (upper right). Effect of pyruvate concentration on acetolactate synthesis by the ripening pea preparation.
Standard assay conditions at pH 7.5 (0.1 M potassium phosphate) with pyruvate concentration varied.

FIG 3 (lower left). Effect of pyruvate concentration on acetolactate synthesis by the ripening pea enzyme at 2
pH values. Standard assay conditions with pyruvate concentration varied. 0 pH 6 (0.1 M potassium phosphate);
0 pH 8.5 (0.1 M Tris-HCl).

FIG. 4 (lower right). Effect of L-valine on the activity of the pH 8.5 acetolactate-forming enzyme. Standard as-
say conditions with pyruvate concentration varied. 0 no valine; El 1 X 10-3 M L-valine: 0 5 X 10' M L-valine.
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portional to enzyme concentration over the range
tested (0.6 - 2.4 mg protein per ml of assay mixture).

The Effect of L-Valine and L-Isoleucine on Acet-
olactate Synthesis. The activity of the pH 8.5 en-
zyme was inhibited by L-valine and this inhibition
was competitive (fig 4). The Ki for inhibition by
valine was estimated at 7 X 10-4 M. L-Isoleucine
also acted as an inhibitor of the pH 8.5 enzyme but
with a lower affinity for the active site, the Ki for
isoleucine inhibition being 3.6 X 10-3 M. The pH 6
enzyme was, in contrast, little affected by the presence
of L-valine or L-isoleucine at concentrations as high
as 5 X 10-3 M.

Changes in Enzyme Content during Ripening of
the Pea Seed. The relative amounts of the 2 aceto-
lactate-forming enzymes changed considerably during
the ripening period, the pH 8.5 enzyme showing rela-
tively greater activity in the very young seed (table
II, stage 1), and the pH 6 enzyme predominating at

Table II
Changes in Enzyme Content during Ripening

Ten grams of each sample were ground in a chilled
mortar with 30 ml of distilled water. The resulting
slurry was strained through muslin, centrifuged for 15
minutes at 17,000 x g and the clear supernatant fluid used
as enzyme without further purification. One ml of each
preparation was used in 3 ml of the standard assay
mixture.

Acetolactate Acetoin
Stage* Avg fr wt (gmole/g fr wt hr) (pumole/g fr wt hr)

pH 6 pH 8.5 pH 6 pH 8.5

1 0.28 1.66 4.2 0.6 0.45
2 0.78 8.1 10.5 1.95 0.6
3 1.05 5.3 4.6 2.2 0.5
4 0.98 2.2 1.2 2.8 0.33
5 1.1 0.15 0.0 3.6 0.15

* Seeds were harvested at various stages of maturation
and graded as follows: Stage 1, immature small; Stage
2, immature intermediate; Stage 3, maximum fresh
weight attained, seed still attached to funicle and pod
fresh; Stage 4, seed detached from funicle and pod
withered; Stage 5, seeds allowed to dry in air and
then soaked in distilled water overnight at 0 to 5°.

maturity (stage 3). The activity, per unit fresh
weight of both enzymes increased greatly during early
development, reaching a maximum prior to the onset
of full maturity (stage 2). Maturation and dehydra-
tion were accompanied by a sharp and progressive
decrease in the content of both acetolactate-forming
enzymes which was paralleled by an increase in the
amount of acetoin formed under the standard assay
conditions at pH 6, culminating in the condition in the
fully dehydrated seed (stage 5) where acetolactate for-
mation was negligible although considerable amounts
of acetoin were formed.

Acetolactate decarboxylase could not be demon-
strated in the seed preparations at any stage of devel-
-opment, and thus the possibility of acetoin production
by decarboxylation of acetolactate can be disregarded.
It seems likely therefore that the formation of acetoin
from pyruvate during the final stages of development

was due to the formation of a third enzyme with
a-carboxylase activity.

The Effect of pH on Acetoin Synthesis. From
figure 5 it will be seen that acetoin synthesis from
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FIG. 5 (upper). Effect of pH on acetoin synthesis by
the preparation from dormant pea seed. Standard assay
conditions with pyruvate as substrate (0.2 M) and pH
varied as shown.

FIG. 6 (lower). Effect of pyruvate and acetaldehyde
on acetoin synthesis by the preparation from dormant pea
seed. 0 pyruvate only; 0 acetaldehyde in presence of
5 X 10' M pyruvate; M acetaldehyde only.

pyruvate by dormant seed preparations was optimal
at pH 6.5. A similar pH-activity curve was obtained
when an equimolar mixture (0.05 M) of pyruvate and
acetaldehyde was supplied as substrate.

Cofactor Requirements for Acetoin Synthesis. The
acetoin-forming enzyme was poorly resolved with
respect to TPP and metal ions, the omission of both
cofactors from the standard assay medium resulting
in only a 20% decrease in activity. Reaction mix-
tures deficient in either TPP or Mg+ + still retained
90 to 95% of the activity observed in the complete
assay medium.
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Sulbstrate Specificity and Products of Acetoin-
forminig Enzymwie. With pyruvate alone as substrate,
significant amounts of acetoin were formed only at
relatively high concentrations (>0.01 M), while con-
centrations in excess of 0.1 M were slightly inhibitory
and no acetoin was formed below 0.001 M (fig 6).
Under the standard assay conditions (0.2 M sodium
pyruvate), the rate of CO2 and acetaldehyde produc-
tion greatly exceeded that of acetoin, although the
rates of formation of all 3 products were not linear
with time. Following an initial rapid burst, the rate
of CO2 production declined slowly over the first 60
minutes of incubation while the rate of acetoin syn-
thesis, initially quite low, gradually increased over
the same time period. It would appear that an ac-
cumulation of free acetaldehyde is required before
active synthesis of acetoin from pyruvate can take
place. Acidification of the reaction mixtures follow-
ing incubation generally resulted in an increase in
the amount of acetoin estimated, but the amount of
acetolactate thus indicated never exceeded 10% of
the total acetoin. Gassing the standard assay mixture
with nitrogen during incubation and the addition of
aldehyde-complexing agents such as semicarbazide
and dimedone to the system failed to increase acetolac-
tate production.

The addition of acetaldehyde stimulated acetoin
synthesis at all pyruvate concentrations tested, al-
though the response was most marked at relatively
low pyruvate concentrations (fig 6).

A small but significant amount of acetoin was pro-
duced when acetaldehyde was supplied as the sole sub-
strate at high concentrations (fig 6).

Discussion
An interesting feature of the above results is the

demonstration of at least 3 different enzymes capable
of decarboxylating pyruvate in plant tissue extracts.
Some indication of the reasons for the diversity of
products observed in the above systems may be ob-
tained from the results of recent work on the nature
of the a-carboxylase reaction (2, 3, 8, 9). The decar-
boxylation of pyruvate by cell-free extracts of yeast
involves the formation of first a-lactyl-2-thiamine
pyrophosphate (activated pyruvate) from which
a-hydroxyethyl-2-thiamine pyrophosphate (activated
acetaldehyde) is derived by decarboxylation (4).
This latter hvdroxyethyl derivative is also produced
by wheat germ preparations (2). Some of the re-
actions thought to be involved are shown in figure 7,
which is a modification of the scheme suggested by
Holzer and Beaucamp (4).

In yeast and w,,heat germ preparations the hy-
droxyethyl group readily dissociates, or is displaced
by pyruvate from the coenzyme-apoenzyme complex
to yield free acetaldehyde (reaction 3) which can then
be accepted by a further activated acetaldehyde resi-
clue to form acetoin (reaction 5). Such a series of
reactions would constitute the carboligase system of
Neuberg (12). In wheat-germ preparations acetal-
dehyde alone serves as a substrate for acetoin synthe-

TPP at.IACTYL-TPP

(1)
PYRUVATE Co2 (2)

r(6) HYDROXYETHYL-TPP
(4%

ACETALDEHYDE
002

ACETOLACTATE -'*. ACETOIN
(7)

VALINE

FIG. 7. Scheme showing possible relationships between
acetoin and acetolactate synthesis [modified from Holzer
and Beaucamp, (4) ].

sis, and this again has been shown to involve the
preliminary formation of activated acetaldehyde (re-
action 4). It should be noted, however, that the
formation of free acetaldehyde is not a prerequisite
for acetoin formation from pyruvate in extracts of
N. crassa (14). In a number of important properties,
including pH optimum and its ability to form acetoin
from pyruvate and acetaldehyde, alone and in com-
bination, the acetoin-forming enzyme of the dormant
pea seed resembles the wheat-germ enzyme studied by
Singer and Pensky (17) and Carlson and Brown
(2). An important point of difference is the relative
insensitivity of the pea seed enzyme to added TPP
and metal ions. A TPP independent type of decar-
boxylation is thus indicated, but in view of the accu-
mulated evidence on the nature of the carboxylase
reaction, it seems more likely that in the pea seed
preparation the coenzyme is firmly bound to the apo-
enzyme and is not released by the purification proce-
dures used. A similar insensitivity to the same
cofactors has been reported for the pH 6 acetolactate-
synthesizing enzyme of Aerobacter aerogenes (3).

Where the hydroxyethyl group does not dissociate,
or is not displaced from the coenzyme-apoenzyme
complex, acetolactate formation can take place by
transfer of the hydroxyethyl group to pyruvate (re-
action 6). However, observations on the formation
of acetoin in the ripening pea preparations raises the
question as to whether the acetolactate-forming sys-
tems are capable of carboligase activity, one criterion
of which would be stimulation of acyloin formation in
the presence of free aldehydes. On this basis it would
appear that the pH 8.5 enzyme of ripening peas is
incapable of such direct acetoin synthesis, and that
the acetoin which is formed at this pH arises by de-
carboxylation of acetolactate (reaction 7), presum-
ably a nonenzymic process since an active acetolactate
decarboxylase could not be demonstrated in the prepa-
rations. Acetoin production at pH 6 is, on the other
hand, slightly stimulated by acetaldehyde and car-
boligase activity is thus indicated. In this respect the
pH 6 enzyme resembles the corresponding enzyme
from N. crassa (14) but unlike that enzyme free
acetaldehyde did not act as a competitive inhibitor
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of acetolactate formation. There is room for doubt
therefore as to whether the bulk of the acetoin syn-
thesized by the pea preparation at p1H 6, especially
in the presence of added acetal(lehy(le, was in fact due
to the activity of the acetolactate-forming enzymne.
It is possible that the relate ely crude preparations
contained traces of the acetoin-forming enzyme char-
acteristic of the dormant seed, and that this was re-
sponsible for the carboligase activity observed.

Like E. coli (14, 21) and A. acroggenes (3) the
ripening pea preparations contain 2 acetolactate-syn-
thesizing enzymes. In the present work, since the 2
enzymes were not resolved in the purification tech-
nique, the evidence for their presence is based upon
the large differences in their pH optima, Km, values
and. sensitivity to L-valine, and supported by the ob-
servation that the content of the 2 enzymes varied
independently during the ripening process. WVhile
acetolactate synthesis has previously been demon-
strated by Satyanarayania and Radhakrishnan (16)
in partially purified preparations from Phaseolus, it
is clear that their system differs considerably from
that describedd above for ripening pea seeds. The en-
zyme (lescribedl by the Indian workers had a require-
ment for high pyruvate concentrations, functioned
optinldly at pH 7 and, most significantly, produced
large quantities of acetaldehyde and acetoin, acetolac-
tate being a relatively minor product of the reaction,
usually accounting for about 10({ of the total acetoin.
Clearly, the enzyme from seedlings of Phaseolus is
very similar to the acetoin-forming enzyme of the
dormant pea seed, and neither enzyme can be regarded
as being primarily concerned wvith acetolactate bio-
synthesis.
The pH 8.5 acetolactate-forming enzyme from pea

seeds is competitively inhibited by L-valine, the end
product of the reaction sequence which it initiates.
The phenomenon of en(l product inhibition has been
reported for a number of biosynthetic pathways in
microorganisms and animals (20). Apart from the
present demonstration of a similar process in ripening
pea seed preparations, the only other reference to its
occurrence in plants is the report of Neumann and
Jones (13) on the inhibition of aspartic transcar-
bamylase by cytidlylic and uridylic acids in extracts
of lettuce seedlings. End product inhibition in the
case of valine biosynthesis is especially interesting
since evidence indicates that the high-pH acetolactate-
forming enzyme is also concerned in the biosynthesis
of isoleucine, where a-ketobutyrate replaces pyruvate
as the activated acetaldellyde acceptor for the forma-
tion of a-aceto-a-hyclroxybutyrate ( 10). Thus the
position of end product inhibition as a feedback con-
trol mechanism in response to valine overproduction
is complicated by the fact that such a mechanism
would also reduce the rate of isoleucine biosynthesis.
Similarly, overproduction of isoleucine would have an
atlverse effect on the rate of valine biosynthesis. The
presence of a second, lowv-pH enzyme would not over-
come this difficulty since this enzyme, at least in A'.
crassa ( 14) is capable of both acetolactate and a-

aceto-a-hydroxvbutyrate synthesi s. Furthermore, the

correspon(ling enzymes in pea seeds and .1. acro ciicns
(3) are not subject to end-product inhibition.

The relationship between the 3 carboxylase en-
zymes during development of the pea seed is of sonme
interest. The similarity of the acetoin-forming en-
zyme and the pH 6 acetolactate-forminog enzyme with
respect to effective pH range and requirement for
high pyruvate concentrations suggests that some of
the changes taking place during maturation of the
seed could be explained in terms of enzyme nmodifica-
tion rather than dle novo syntlhesis. It is possible
that the acetoin-forming enzyme is derived from the
pH 6 acetolactate-forming enzyme. and that one of
the changes occurring (luring this transformation is
the firmer binding of coenzyme to apoenzvme. The
observed insensitivity to metal ions which accompa-
nies this phenomenon may indicate involvement of
metal ions in the linking mnechanismll.

Summary
Extracts of ripening pea seeds, fractionated with

ammnnonium sulfate, catalyzed the formation of aceto-
lactate from pyruvate. Small ;amounts of acetoin
were also produced. Evidence was obtained for the
existence of 2 distinct acetolactate-forining enzymes
in the preparation. A high-pH enzyme showillng
maximumi activity in the pH range 8 to 8.5 had a KM
value for pyruvate of 3.2 X 10-; a\. The other,
low-pH enzyme, was estimated to function optimally
between pH 6 and 7, and had a K,,1 value for pvruvate
of 4.3 x 10-2 M. Both enzymes require(l thiamine
pyrophosphate and either AMg + or MIn for max-
imial activity. The pH 8.5 enzyme was competitively
inhibited by L-valine and L-isoleuci ne.

The content of the acetolactate-forming enzymies
changed considerably during the ripening p)erio(l
reaching a maximum prior to the onset of full miatur-
ity. Both enzymes were virtually absent from the
dlormant seed, but this material did contain a third
enzyme with carboxylase activity which was char-
acterized by the ability to form acetoin and acetalde-
hyde when supplied with pyruvate at high concentra-
tions. Acetoin synthesis from pyruvate by this en-
zyme was stimulated by the addition of acetaldehyde
and sonme acetoin was also formed when acetaldehyde
was the sole substrate. The acetoin-formning enzyme
was only slightly stimulated by thiamiine pyrophos-
phate and metal ions.

Acknowledgments
This investigation was aided by a research grant from

the Department of Scientific and Industrial Research.

Literature Cited
1. BARKER, S. B. AND WV. H. SUMMERSON. 1941. The

colorimetric determination of lactic acid in biolog-
ical material. J. Biol. Chem. 138: 535-54.

2. CARLSON, G. L. AND G. M. BROWIN. 1961. The
natural occurrence, enzymatic formation, and bio-
chemical significance of a hydroxyethvl derivative
of thiamine pyrophosphate. J. Bil. ('hem. 236:
2099 108.

58



DAVIES-ACETOLACTATE AND ACETOIN SYNTHESIS IN PEAS

3. HALPERN, Y. S. AND H. E. UMBARGER. 1959. Evi-
dence for 2 distinct enzyme systems forming ace-
tolactate in Aerobacter acrogenes. J. Biol. Chem.
234: 3067-71.

4. HOLZER, H. AND K. BEAUCAMP. 1961. Nachweis
und charakterisierung von a-lactyl-thiaminpyro-
phosphat ("actives pyruvat") und a-hydroxyathyl-
thiaminpyrophosphat ("activer acetaldehyd") als
zwischenproduckte der decarboxylierung von pyru-
vat mit pyruvatdecarboxylase aus bierhefe. Bio-
chim. Biophys. Acta 45: 225-43.

5. JuNi, E. 1952. Mechanisms of formation of acetoin
by bacteria. J. Biol. Chem. 195: 715-26.

6. JUNI, E. AND G. A. HEYM. (1956). Acyloin con-
densation reactions of pyruvic oxidase. J. Biol.
Chem. 218: 365-78.

7. KRAMPITZ, L. 0. 1948. Synthesis of acetolactic
acid. Arch. Biochem. 17: 81-5.

8. KRAMPITZ, L. O., G. GREULL, C. S. MILLER, J. B.
BICKING, H. R. SKEGGS, AND J. M. SPRAGUE. 1958.
An active acetaldehyde-thiamine intermediate. J.
Am. Chem. Soc. 80: 3893-94.

9. KRAMPITZ, L. O., I. SUZUKI, AND G. GREULL. 1962.
Mechanism of action of thiamine diphosphate.
Brookhaven Symposium in Biology 15: 282-92.

10. LEAVITT, R. AND H. E. UMBARGER. 1961. Isoleucine
and valine metabolism in E. coli. X. The forma-
tion of acetohydroxybutyrate. J. Biol. Chem. 236:
2486-91.

11. LEWIS, K. F. AND S. WEINHOUSE. 1958. Studies
in valine biosynthesis. II. a-Acetolactate forma-
tion in microorganisms. J. Am. Chem. Soc. 80:
4913-15.

12. NEUBERG, C. 1946. The biochemistry of yeast.
Ann. Rev. Biochem. 15: 435-74.

13. NEUMANN, J. AND M. E. JONES. 1962. Aspartic
transcarbamylase from lettuce seedlings: case of
end-product inhibition. Nature 195: 709-10.

14. RADHAKRISHNAN, A. N. AND E. E. SNELL. 1960.
Biosynthesis of valine and isoleucine. II. Forma-
tion of ct-acetolactate and ca-aceto-a-hydroxybuty-
rate in N. crassa and E. coli. J. Biol. Chem. 235:
2316-21.

15. RADHAKRISHNAN, A. N., R. P. WAGNER, AND E. E.
SNELL. 1960. Biosynthesis of valine and isoleu-

cine. III. a-Keto-13-hydroxy acid reductase and
a-hydroxy-fo-keto acid reductoisomerase. J. Biol.
Chem. 235: 2322-31.

16. SATYANARAYANA, T. AND A. N. RADHAKRISHNAN,
1962. Biosynthesis of valine and isoleucine in
plants. Biochim. Biophys. Acta 9: 197-99.

17. SINGER, T. P. AND J. PENSKY. 1952. Mechanism
of acetoin synthesis by a-carboxylase. Biochim.
Biophys. Acta 9: 316-27.

18. STRASSMAN, M., A. J. THONTAS, AND S. WEINHOUSE.
1953. Valine biosynthesis in Toritlopsis uttilis. J.
Am. Chem. Soc. 75: 5135.

19. STRASSMAN, M., J. B. SHATTON, AND S. WEINHOUSE.
1960. Conversion of a-acetolactic acid to the valine
precursor, a, f3-dihydroxy-isovaleric acid. J. Biol.
Chem. 235: 70"05.

20. UMBARGER, H. E. 1961. Feedback control by end-
product inhibition. Cold Spring Harbor Symp. on
Quant. Biol. 26: 301-11.

21. UMBARGER, H. E. AND B. BROWN. 1958. Isoleucine
and valine metabolism in E. coli. VIII. The
formation of acetolactate. J. Biol. Chem. 233:
1156-60.

22. UMBARGER, H. E., B. BROWN, AND E. J. EYRING.
1957. Acetolactate, an early intermediate in valine
biosynthesis. J. Am. Chem. Soc. 79: 2980.

23. WADDELL, W. J. 1956. A simple ultraviolet spec-
trophotometric method for the determination of
protein. J. Lab. Clin. Med. 48: 311-14.

24. WAGNER, R. P., A. BERGQUIST, AND H. S. FORREST.
1959. The accumulation of acetylmethylcarbinol
and acetylethylcarbinol by a mutant of N. crassa
and its significance in the biosynthesis of isoleucine
and valine. J. Biol. Chem. 234: 99-104.

25. WAGNER, R. P., A. N. RADHAKRISHNAN, AND E. E.
SNELL. 1958. The biosynthesis of isoleucine and
valine in Neurospora crassa. Proc. Natl. Acad.
Sci., U.S., 44: 1047-53.

26. WESTERFFLD, W. W. 1945. A colorimetric determi-
nation of blood acetoin. J. Biol. Chem. 161: 495-
502.

27. WIxoM, R. L. AND M. KANAMORI. 1962. Enzymes
for valine and isoleucine biosynthesis in spinach
extract. Biochem. J. 83: 9P

59


