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Triosephosphate isomerase catalyzes the reversi-
ble transformation of p-glyceralydehyde-3-phosphate
and dihydroxyacetone phosphate. This enzyme, to-
gether with aldolase was shown by Meyerhof and
Kiessling (9) to form the zymohexase system of rab-
bit muscle and yeast extracts (10).

Isomerase activity has been found in a number of
animal tissues and yeast by Oesper and Meyerhof
(11). Highly purified preparations have been ob-
tained from rabbit muscle (7) and the enzyme may
be crystallized from calf muscle extracts (1,6).
The properties and kinetics of the yeast and animal
enzymes have been investigated (6,7,8,11).

There are no reports of studies of isomerase from
higher plants although results of previous work in-
dicated that the enzyme was present in extracts of
pea seeds (4,13,14,15) and of pea roots (2). In
the present investigation, a partially purified prep-
aration of triosephosphate isomerase was obtained
from pea seeds, and some properties of the enzvme
were exanined.

Materials and Methods

pL-Glyceraldehyde-3-Phosphate.  This  was pre-
pared from pr-glyceraldehyde-3-phosphate diethylace-
tal, barium salt (Sigma Chemical Company) by
heating 40 mg with 0.72 ml of 0.225 M H,SO, in a
boiling water bath for 3 minutes and cooling in ice.
The precipitated barium sulfate was centrifuged
and washed, and the supernatant fraction and wash-
ings were adjusted to pH 2.8 with 0.2 ¥ NaOH and
diluted to 8 ml. The solution was freshly prepared
each week and stored at —15°.

At the maximum concentration of p-glyceralde-
hyde-3-phosphate used (final conc 0.27 mMm), the
sulfate concentration (< 0.35 mm) had no detect-
able inhibitory effect on triosephosphate isomerase
activity.
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Dihydroxyacctone Phosphate. Approximately 5
mg of the cyclohexylamine salt of dihydroxyacetone
phosphate dimethyl ketal monohydrate (Sigma
Chemical Company) was dissolved in 0.4 ml of water,
and 0.1 g (wet wt) of Dowex 30 (H") resin was
added. The mixture was swirled for 30 seconds,
filtered, and the resin washed with small amounts of
water. The combined filtrates were maintained at
38° to 40° for 4 hours to hydrolyze the ketal, then
adjusted to pH 4.5 with KHCO,, diluted to 5 ml and
stored at —15°.

Glyceraldehyde-3-Phosphate Dehvdrogenase. 'This
enzyme was obtained from C. F. Boehringer und
Soehne, Mannheim, Germany.

a-Glycerophosphate Dehydrogenase.  Ammonium
sulfate suspensions of this enzyme were obtained
from C. F. Boehringer und Soehne. Diluted aliquots
were dialyzed, with rocking, against glass distilled
water for 3 hours at 4° to remove the ammonium
sulfate.

Buffers. Iris buffers (30 myM and 0.3 M with
respect to Tris) were adjusted to the required pH
with HCL.  Tris-acetic acid buffers (5 may and 30
mM with respect to both Tris and acetic acid) were
adjusted to the required pH with NaOH.

Spectrophotometry. OD was measured in a
Beckman model DU spectrophotometer. All assays
were carried out at 23° in cuvettes of 1 cm light
path.

Protein Estimation. ‘TI'he method of Warburg
and Christian (16) was used.

Estimation of p-Glyceraldehyde-3-Phosphate. The
reduction of NAD resulting from p-glvceraldehyde-3-
phosphate oxidation in the presence of glyceralde-
hyde-3-phosphate dehydrogenase was determined
spectrophotometrically (3). The increase in OD 340
myp was measured in reaction mixtures of the fol-
lowing composition: 300 wmoles of Tris, pH 8.3, 17
pmoles of sodium arsenate, 12 umoles of cysteine, 1.2
pmole of NAD, 0.1 unit of glyceraldehyde-3-phos-
phate dehydrogenase (1 unit = 1 umole of substrate
per min), approximately 0.4 ymole of pr-glyceralde-
hyde-3-phosphate, final volume 3.0 ml. The reaction
was started by the addition of the substrate. No sub-
strate was added to the control cuvette.

Assay of Glyceraldehyde-3-Phosphate Delvydro-
genase Activity. For this assay, the reaction mix-
tures described for the estimation of p-glyceralde-
hyde-3-phosphate were used, except that glyceralde-
hyde-3-phosphate dehydrogenase was replaced by the
pea seed triosephosphate isomerase preparation.
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Assay of a-Glycerophosphate Dehydrogenase Ac-
tivity. With dihydroxyacetone phosphate as sub-
strate, the method used was essentially that described
below for the coupling system in the assay of triose-
phosphate isomerase. The decrease in OD 340 mp
was measured in the following reaction mixture: 60
wpmoles of Tris-acetic acid buffer, pH 8.0, approxi-
mately 0.2 unit of a-glycerophosphate dehydrogenase
(1 unit = 1 pmole of substrate per min). 0.6 pmole
of NADH, 0.4 umole of dihydroxyacetone phosphate,
final volume 3.0 ml.

Assay of Triosephosphate Isomerase Activity.
The method described in this paper is essentially the
same as the assays of Beisenherz (1) anl Gibbs and
Turner (3), and is based on the optical assay for
aldolase (12). With p-glyceraldehyde-3-phosphate as
substrate and a-glycerophosphate dehydrogenase as
the coupling enzyme the oxidation of NADH by di-
hydroxyacetone phosphate was followed by measur-
ing the decrease in OD 340 mp.

The standard reaction mixture contained, in 3
ml: 60 wmoles of Tris-acetic acid buffer, pH 7.2, 2.0
units of a-glycerophosphate dehydrogenase, 0.4
wpmole of NADH, 0.1 ml of pea seed triosephosphate
isomerase preparation (containing approximately
0.004 mg of protein), and 0.8 umole of pL-glyceral-
dehyde-3-phosphate. The reaction was started by
the addition of the substrate and the OD determined
at intervals for 3 minutes. Dilutions of the triose-
phosphate isomerase preparation were such that OD
changes of 0.02 to 0.06 per minute were obtained.
Under these experimental conditions, there was less
than 159, conversion of b-glyceraldehyde-3-phos-
phate in 2 minutes and the rate of reaction was ap-
proximately constant during this incubation period.
Enzyme activity has been expressed as umoles of p-
glyceraldehyde-3-phosphate utilized per reaction mix-
ture per minute.

A large excess of a-glycerophosphate dehydro-
genase was added under all conditions studied. e.g. at
various pH values, in the presence of inhibitors. etc.

Preparation of Triosephosphate Isomcrase from
Pea Seeds. A crude extract of defatted pea-seed
powder was prepared as described by Turner (15).
except that toluene was omitted. Subsequent oper-
ations were carried out at 0° to 4°. The crude ex-
tract was centrifuged at 1000 g for 10 minutes and
the supernatant further centrifuged at 24000 g for
15 minutes. Saturated (NH,).SO,. pH 7.0, was
added to the clear supernatant, and the fraction pre-
cipitating between 40 and 60 9, saturation was dis-
solved in 8 ml of 5 mm Tris-acetic acid buffer, pIl
8.0, and dialyzed, with rocking, against the same buf-
fer for 3 hours. A small amount of protein precipi-
tated during dialysis and was removed by centrifuga-
tion.

The clear enzyme extract could be stored at
—15° for 4 weeks with little (5 %) loss of activity.
Heating for 4 minutes at 50° resulted in 85 9, loss
of triosephosphate isomerase activity.

The preparation contained approximately 32 mg
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of protein per ml and was used for all the studies
reported. Cold 5 mx Tris-acetic acid buffer, pH
8.0. was used to dilute the enzyme before use.

Preparations of Triosephosphate Isomerase from
Other Plant Tissucs. Soaked seeds of pea, broad
bean, wheat and maize were grown in damp sand in
a glass house, until the shoots were 5 to 8 cm high.
The shoots and roots were removed and approxi-
mately 15 g fresh weight of each tissue was ground
in a mortar with 15 ml of 0.04 M NaHCO,, squeezed
through muslin and centrifuged at 24,000 g for 15
minutes. The supernatant fluid was then fraction-
ated with (NH,),SO, and dialyzed as described for
the pea seed preparation.

Seeds of broad bean, wheat and maize were
soaked overnight, and 50 g samples were blended
with 50 ml of 0.04 M NaHCO.. The homogenates
were treated as described above.

Results
Triosephosphate  Isomerasc  Activity. Results
demonstrating triosephosphate isomerase activity are

presented in figure 1. The reaction mixture con-
tained 0.064 mg of pea-seed protein. After 24 min-
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F16. 1. Triosephosphate isomerase activity as meas-

ured by bp-glyceraldehyde-3-phosphate loss. The reac-
tion mixture (total vol. 3.0 ml) contained 60 umoles of
Tris-acetic acid buffer, pH 7.2, 2.0 units of q-glycero-
phosphate dehydrogenase, 0.6 umole of NADH, 0.2 ml
of enzyme (containing 0.064 mg of protein), and 0.76
pumole of bpr-glyceraldehyde-3-phosphate. Temperature
23°.

utes 49 9, of the total vrL-glyceraldehyde-3-phosphate
had been transformed; in experiments of this type,
48 to 52 9, of added pL-glyceraldehyde-3-phosphate
could be accounted for by the oxidation of NADH,
as measured by the decrease in OD 340 mu. Similar
reaction mixtures from which bpr-glyceraldehyde-3-
phosphate was omitted, or in which NADH was re-
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placed by NAD showed no change in OD 340 mp
during the incubation period. In reaction mixtures
containing 12.68 mg protein (ie. 200 times the
amount in fig 1) there was a very small decrease in
OD 340 mp. when e-glycerophosphate dehydrogenase
was omitted, with and without substrate.

Under standard conditions of assay for p-glycer-
aldehyde-3-phosphate dehydrogenase (i.e. in the pres-
ence of cvsteine and arsenate) very slight activity of
this enzyme was detected in reaction mixtures con-
taining 0.024 mg protein of the pea seed preparation
but no activity was detected when only 0.004 mg of
protein was present.

It was therefore assumed throughout the study
that, under the conditions of assay used. the pea seed
triosephosphate isomerase preparation was specific
for the p form of pr-glyceraldehyde-3-phosphate as
substrate and was free from detectable interfering
enzyme activity.

Effect of pH on Trioscphosphate Isomerasc Ac-
tizity. T'he activity of the enzyme in a series of
0.02 » Tris-acetic acid buffers, over the range pH
6.5 to pH 9.1 is shown in figure 2. There was a
broad optimum from approximately pil 7.2 to pH
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Fra. 2. Effect of pH on triosephosphate isomerase
activity. Reaction mixtures were of the composition

described for the assay of the enzyme. Reactions were
studied in 0.02 a Tris-acetic acid buffers of the required
pH. Temperature 23°.

89. In experiments in which the reaction was al-
lowed to proceed for 15 minutes or longer, the ac-
tivity of the enzyme in reaction mixtures at pH 7.0
was greater than at pH 8.0 and pH 9.0. This was
probably due to the destruction of the substrate at
the higher pH values, and to avoid this, pH 7.2 was
chosen for the standard assay procedure.
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FF16. 3. Lineweaver-Burk plot of 1/17 against 1/[.S]

for triosephosphate isomerase. J7 is the initial velocity
(uwmoles of bp-glyceraldehyde-3-phosphate utilized/reac-
tion mixture per min): [S] js the substrate conceitra-
tion (mmoles/liter). Reaction mixtures were of the
comgosition described for the assay of triosephosphate
isomerase activity, with the substrate concentration
varied as shown. Temperature 23°.

In 0.01 a Tris-acetic acid buffer, the activity was
the same as in 0.02 am buffer, but the activity in
0.05 M buffer was reduced by 10 to 15 9. Activity
of the enzyme in 0.02 v Tris (approximately 0.01 M
with respect to HC1) pH 8.0 was only 80 to 85 ¢, of
the activity in 0.02 a ‘T'ris-acetic acid buffer. It will
be shown subsequently that chloride jons at this con-
centration inhibit the enzyme.

Liffect of Substrate Concentration. The effect of
concentration of n-glvceraldehyde-3-phosphate on the
initial reaction velocity is shown in figure 3 in a
Lineweaver-Burk (5) plot. The Michaelis-Menten
constant (K,,) calculated from this plot was 3.6 X
1074 .

Effect of Anions. The inhibitory effect on triose-
phosphate isomerase activity of the addition of vari-
ous salts is shown in table 1. Both the sulfates and

Table 1. Effect of cAnions on Triosephosphate
Isomerase Activity
Reaction mixtures were of the composition described
for the assay of the enzyme, with the addition of salts
as shown. Temperature 23°. The results are expressed
as percent inhibition.

Addition Final conc (ar)
0.025 0.005 (.001

(NH,),SO, 45 6
Na,SO, . 43 6
K,SO, . 43 7
Li,S0, . 47

NH,CI 23 5

NaCl 17 3

KCi 14 4
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chlorides of monovalent cations inhibited the pea-
seed triosephosphate isomerase and the sulfates
produced stronger inhibition of the enzyme than the
chlorides. The nature of the monovalent cation had
little effect. The salts of divalent cations also in-
hibited the enzyme. In separate experiments using
reaction mixtures of the composition described for
the assay of triosephosphate isomerase activity, the
addition of sodium acetate (final conc 0.02 ™) ef-
fected a 4 9, inhibition of activity, whereas 0.01 ™
magnesium acetate inhibited by 25 9.

Effect of Inhibitors. 'The effect of several en-
zyme inhibitors on triosephosphate isomerase activity
is shown in table II. Phosphate, arsenate and molyb-
date inhibited activity markedly, but fluoride had no
effect. Iodoacetate effected little inhibition, although
p-chloromercuribenzoate (0.1 mm) reduced activity
by 77 9. The enzyme was sensitive to Cu®" ions,
and to cysteine.

Table II. Effect of Enzyme Inhibitors on Triose-
phosphate Isomerase Activity
Reaction mixtures were of the composition described
for the assay of the enzyme with the addition of inhibitors
as shown. Temperature 23°.

Final conc Inhibition
Inhibitor (ma) (%)
Sodium arsenate 5 44
Potassium dihydrogen phosphate 20 70
Ammonium molybdate 0.5 43
Ammonium fluoride 10 0
p-Chloromercuribenzoate 0.1 77
Todoacetate 10 5
Cysteine 4 18
Cupric sulfate 0.25 69
Distribution in Plant Tissues. Triosephosphate

isomerase activity was detected in extracts from all
the plant tissues examined. Extracts were prepared
from broadbean, wheat and maize seeds, the shoots
and roots of pea, broadbean, wheat and maize seed-
lings, and mature leaves of pea plants.

Discussion

This investigation has established that active prep-
arations of triosephosphate isomerase may be readily
obtained from pea seeds.

Some of the properties of the triosephosphate
isomerase from pea seeds were similar to those of the
enzyme in extracts from animal tissues. Cesper and
Meyerhof (11) state that the activity of the enzyme
was the same at pH 7 as at pH 8, but decreased 50 9,
at pH 6.3. The pea-seed enzyme showed a wide op-
timum from pH 7.2 to pH 8.9 and there was a decline
in enzyme activity below pH 7.0. The Michaelis-
Menten constant of the pea-seed triosephosphate
isomerase was 3.6 X 107 M and this agrees well with
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the figure of 3.9 X 107* » obtained for triosephos-
phate isomerase from calf muscle (6). Triosephos-
phate isomerase from rabbit muscle was inhibited
75 9% by 0.05 M phosphate (11) whereas the pea-
seed enzyme was inhibited 60 9, by 0.02 » phosphate.
Arsenate and cysteine inhibited the pea-seed enzyme;
this was not due to any effect on glyceraldehyde-3-
phosphate dehydrogenase as the diluted preparation
showed no activity when assayed for this enzyme.
The inhibition by p-chloromercuribenzoate indicated
the presence of thiol groups essential for enzyme ac-
tivity in the pea-seed triosephosphate isomerase.

An unexpected phenomenon was the pronounced
inhibition of the pea-seed triosephosphate isomerase
by relatively low concentrations of sulfate ions.
Chloride ions also inhibited but a higher concentra-
tion was required. There are no reports of similar
effects of these ions on the muscle or yeast isomerasc
enzymes. Inhibition of enzymes by sulfates and
chlorides is unusual.

The enzyme was found in all plant tissues ex-
amined as would be expected from the important role
of triosephosphate isomerase in the major pathways
of carbohydrate metabolism including glycolysis. the
pentose phosphate pathway and photosynthesis. The
enzyme preparations from pea seeds were very active
and the standard reaction mixture contained only
0.004 mg protein of the partially purified triosephos-
phate isomerase preparation. Insofar as glycolysis
was concerned there was a great excess of triosephos-
phate isomerase in the pea seed extract and it can be
calculated that the potential triosephosphate isomer-
ase activity in these extracts is over 7000 times the
maximum overall rate of glycolysis observed in sim-
ilar extracts (4). The triosephosphate isomerase
activity in several animal tissues and yeast was
found always to be about 40 to 200 times in excess
over aldolase (11).

The inhibition by Pi is interesting especially as
the subsequent step in the glycolysis sequence (gly-
ceraldehyde-3-phosphate dehydrogenase) has a re-
quirement for Pi. This inhibition by phosphate could
be of metabolic significance in glycolysis in minimiz-
ing the diversion of glyceraldehyde-3-phosphate
formed by aldolase into dihydroxyacetone phos-
phate.

Summary

An active preparation of triosephosphate isomer-
ase was obtained from pea seeds. All other plant tis-
sue extracts examined showed triosephosphate iso-
merase activity.

The enzyme had a pH optimum of 7.2 to 89.
With the experimental conditions used, the Michaelis-
Menten constant for bp-glyceraldehyde-3-phosphate
was 3.6 X 107* M.

Sulfate ions, and to a lesser extent chloride ions,
inhibited the enzyme. Inorganic phosphate, arsenate,
p-chloromercuribenzoate and Cu?*" ions also reduced
enzyme activity.



1150

1.

v

on

0.

PLANT
Literature Cited

Beisenuerz, G. 1955, Triosephosphate isomerzase
from calf muscle. In: Mecthods in Enzymology,
Vol. 1. S, P. Colowick and N. O. Kaplan, eds.
Academic Press, New York. p 387-91.

Grses, M., J. M. Eari, axo J. L. Rrrcuie. 19535,
Respiration of the pea plant.  Metabolism of hex-
ose phosphate and triose phosphate by cell-free
extracts of pea roots. Plant Physiol. 30: 463-07.

Giees, M. axp J. &) Terxer. 1964, Eazyvmes of
glycolysis.  In: Modern Methods of Plant Analy-
sis, Vol. 7. H. F. Linskens, B. D). Sanwal, and
M. V. Tracey, eds., Springer-Verlag, Berlin. p
520-45.

Harcu, M. D. axp J. F. Turxer. 1958,

sis by an extract from pea seeds.

69 : 495-501.

Glycoly-
Biochem. ].

Lineweaver, H. axp D, Burk. 1934, The deter-
mination of enzyme dissociation constants. J. Am.
Chem. Soc. 36: 658-60.

Mever-Arexor, E., G, Brisexuekz, axp T,
BUcuer. 1953. Isolierung der Triosephosphat-
Isomerase.  Naturwissenschaften 40: 39,

MEeverHOF, O. axp L. V. Brck. 1944 Triose
phosphate isomerase. J. Biol. Chem. 156: 109-20.

MEeverHOF, O. AxDp R. JUNowicz-KocHoLaTy. 1943

The equilibria of isomerase and aldolase, and the

PHYSIOLOGY

16.

problem of the phosphorylation of glyceraldehyde
phosphate.  J. Biol. Chem. 149: 71-92.

Mevernor, O. axp W. KiessLing. 1935, Uber die
enzymatische Umwandlung von Glycerinaldehyd-
phosphorsiure in Dioxyacetonphosphorsiure.  Bio-
chem. Z. 279: 40-48.

MEevernor, O. axp K. Lonyaxx. 1934, CUber die
enzymatische  Gleichgewichtsreaktion  zwischen
Hexosediphosphorsiure und Dioxyacetonphosphor-
saure. Biochem. Z. 271: 89-110.

Okrsper, . axp O. Mevernor. 1950, The deter-
mination of triose phosphate isomerase. J. Bicl.
Chem. 27: 223-33.

Racker, K. 1947, Spectrophotometric measure-
ment of hexokinase and phosphohexokinase ac-
tivity. J. Biol. Chem. 167: 843-54.

Stuamer, P K. 1950, Carbohydrate metabolism in
higher plants. 1II. Breakdown of fructose di-

phosphate by pea extracts.  J. Biol. Chem. 182:
261-72.

Tuerxer, J. 5. 1954, Synthesis of sucrose by a
partially purified plant tissue extract. Nature
174 692-93.

Turxegr, J. . 1957, The biosynthesis of sucrose.

Biochem. J. 67: 450-56.
WarstUrG, O. axp W, Crristiax, 1941, Isolierung
und Kristallisation des Girungsierments Enolase.
Biochem. Z. 310: 384421,



