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rriosel)hosphate isomiierase catalyzes the reversi-
ble transformation of D-glyceralydehvde-3-phosphate
anid dihydlroxyacetone phosphate. This enzyme, to-
gether with aldolase was showni by MXeyerhof and
Kiessling (9) to formii the zymohexase system of rab-
bit muscle and yeast extracts (10).

Isomerase activity has been found in a number of
animiial 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, 8,1 1).

There are no reports of studies of isomerase from
higher plants although results of previous work in-
licated that the enzyme was present in extracts of
pea seeds (4, 13, 14, 15) anId of pea roots (2). In
the preseint iinvestigationi, a partially purified prep-
aration of triosephosphate isomerase was obtained
from pea see(ls and somiie l)roperties of the enzvme
wvere exanline(l.

Materials and Methods

D)L-Glyceraldchlv(dc-3-Plhosphate. T'his was pre-
pare(l from DL-glyceraldehyde-3-phosplhate (liethylace-
tal, bariuml salt (Sigma Chemical Company) by
leatinig 40 mig with 0(.72 ml of 0.225 Mi H2,SO1 in a
l)oiling water bath for 3 ninuttes anI(l coolinig in ice.
'I'he precilpitate(d bariuimi sulfate was centrifuged
anlle washed, and the superniatalt fraction and wash-
ings were adjusted to pH 2.8 wvith 0.2 N NaOH and
dliluited to 8 ml. The soltution was freshlv prepared
each week and(l stored at 150.

At the maximumii concenitrationi of D-glyceralde-
hyde-3-phosphate use(d (finlal conlc 0.27 mlr), the
sulfate concentration (< (0.35 m) ha(l no (letect-
able inhibitory effect on triosephosplhate isomerase
activity.
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Dihydroxyacctone P/iosph ate. Approximatelyr 5
mg of the cyclohexylamine salt of dihydroxyacetonie
phosphate dimetllyl ketal nmonohydrate (Sigma
Chemical Company) was dissolved in 0.4 nml of water,
and 0.1 g (wet wt) of Dowvex 50 (H+) resini was
added. The mixture was swirled for 30 seconds,
filtered, and the resin washed with small amuounts of
water. The combined filtrates wvere maintained at
380 to 400 for 4 hours to hydrolyze the ketal, then
adjusted to pH 4.5 with KHCO( diluted to 5 ml and
stored at -15°.

Glyceraldehvde-3-Phosphate Dchydrogenase. This
enzyme was obtained from C. F. Boehringer und
Soehne, Mannheim, Germany.

a-G1vccrophosph atc Delhvdroycnase. A Immiloni tim
sulfate suspenisions of this enzymie were obtained
from C. F. Boehringer und( Soehlne. l)iluted aliquots
were dialyzed, with rocking, againist glass distilled
water for 3 hiours at 40 to remiiove the ammoniirn
sulfate.

Buffers. Tris btuffers (30 nvu and 0.3 M with
respect to Tris) were ad;justed to the requiire(d pH
with HCl. Tris-acetic acid buffers (5; m.N an(l 30
mMr with respect to both Tris and(l acetic acid) were
adjusted to the required pH wvith NaOH.

Spectrophotomnetry. ODf was measured in a
Beckman model DU spectrophotometer. A11 assays
were carried out at 230 in civettes of 1 cm light
path.

Protein LEstinmation. h'lle niietlho(I of \NVarbuirg
and Christiain (16) wsas uised.

E,stimation Of D-Glvci7cr(aldchvd,(Ie-3-Plhosphiate. The
reductioin of NAD ressultiing frolll D-glyceraldehyde-3-
phosphate oxidation in the presence of glyceralde-
hy(le-3-phosphate dehydrogenase was (leterimiined
spectrophotometrically (3). The increase in OD 340
wytwas measured in reaction mixtures of the fol-

lowing composition: 300 ttmoles of Tris, pH 8.3. 17
,Lmoles of sodium arseniate, 12 Mumoles of cysteinie, 1.2
,umole of NAD, 0.1 unlit of glyceraldehyde-3-phos-
phate dehydrogeinase (1 lunit =1 M/lmole of substrate
per min), approximately 0.4 /mniole of DL-glvceralde-
hyde-3-phosphate, final voltume 3.0 ml. The reactioni
was started by the a(lditioin of the substrate. No sub-
strate was added to the cointrol cuvette.

Assay of Glyceraldehyde-3-Pliosphate Dehtydro-
genase Activity. For this assay. the reaction nmix-
tures described for the estimatioll of D-glyceralde-
hyde-3-phosphate were used, except that glyceralde-
hyde-3-phosphate dehydrogenase was replaced bv the
pea seed triosephosphate isomerase preparation.
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Assay, of a-Gljceroplospliate Dethvdr-ogentase Ac-
tizvitv. \\Tith dihydroxyacetone phosphate as sub-
strate, the method used was esselntially that described
below for the coupling system in the assay of triose-
phosphate isomerase. The dlecrease in GD 340 mM
was measured in the followilng reaction mixture: 60
Mumoles of Tris-acetic acid buffer, pH 8.0, approx.-
mately 0.2 unit of a-glycerophosphate dehvdrogenase
(1 unit = 1 ,umole of substrate per miii), 0.6 umole
of NADH, 0.4 umole of dihydroxyacetone phosphate,
final volume 3.0 ml.

Assay of Triosephosphate Isom cerase Activity.
The method described in this paper is essentially the
same as the assays of Beiseinherz (1) andI Gibbs inid
Turner (3), andl is based oni the optical assay for
aldolase (12). WNith D-glyceraldehyde-3-phosplhate as
substrate and a-glycerophosphate dehydrogenase as
the coupling enzyme the oxidation of NADH 1y di-
hydroxyacetone phosphate was followe(d by miieassur-
ing the (lecrease in oD 340 m,u.

The standard reaction mixture contained, in 3
ml: 60 ptmoles of Tris-acetic acid buffer. pH 7.2. 2.0
units of a-glycerophosphate dehydrogenase, 0.4
,umole of NADH, 0.1 ml of pea seed triosephosphate
isomerase preparation (containing approximatelv
0.004 mg of protein), and 0.8 )Lmole of DL-glyceral-
dehyde-3-phosphate. The reaction was started by
the addlition 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 15 % conversion of D-glyceraldehyde-3-phos-
phate in 2 minutes and the rate of reaction was ap-
proximately constanit during this incubation period.
Enzyme activity has been expressed as umoles of D-
glyceraldehyde-3-phosphate tutilized per reaction mix-
ture per minute.

A large excess of a-glycerophosphate dehy(lro-
genase was added uinder all conditions studied. e.g. at
v-ariouis pH1-Ialuies, in the presence of inhibitors. etc.

Preparationi of Trioseph osphate Isoimterase fr-oi
Pea Secds. A crude extract of defatted pea-see(l
pow(der was prepared as described by Turlner (15),
except that toluenie was omitted. Subsequienit oper-
atioIns were carried out at 00 to 40. The cru(le ex-
tract was centrifuged at 1000 g for 10 minutes and
the suipernatanit further centrifuged at 24.000 g for
15 miuntes. Saturated (NH.)2GSO. pH 7.0, was
ad(led to the clear supernatanit, and the fraction pre-
cipitating between 40 antd 60 % saturationi was (lis-
solved in 8 ml of 5 mm Tris-acetic aci(d buffer, p1l
8.0, anid dialyzed, with rocking, againist the same btuf-
fer for 3 hours. A small amount of protein l)recipi-
tated (durilng (lialysis and was removed by centrifuga-
tioii.

The clear enzynme extract coukl be stored at
-150 for 4 weeks with little (5 %) loss of activity.
Heating for 4 minutes at 500 resulted in 85 % loss
of triosephosphate isomerase activity.

The preparation contained approximately 32 mg

of protein per nml an(l was used for all the studies
reported. Cold 5 mAt Tris-acetic aci(d buffer, pH
8.0., was used to dilute the enzyme before use.

Preparations of Triosep'h osphatc Isomnierase [romin
Other Plant Tissutes. Soaked see(Is of pea, broad
bean, wheat ancd maize were growni in dcamp sand in
a glass house, unitil the shoots were 5 to 8 cmll 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 NaHCOG., squeezed
through muslini and centrifuged at 24,`000 g for 15
minutes. The supernatant fluid was then fraction-
ated with (NH,) 2SO4 anl(I dialyzed as described for
the pea seed preparation.

Seeds of broad bean, wheat anld maize wvere
soaked overnight, and 50 g sailiples were blenided
with 50 ml of 0.04 M NaHCOG. The homogenates
w-ere treated as descril)ed above.

Results

Trioscphiosphate Isomter-ase Activity. Results
demonistrating triosephosphate isomerase activity are
presented in figure 1. The reaction mixture coIn-
taiiled 0.064 nig of pea-see(l protein. After 24 min-
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FIG. 1. Triosephosphate isomerase activity as meas-
ured by D-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 uniits of a-glycero-
phosphate dehydrogeniase, 0.6 ,umole of NADH, 0.2 ml
of enzyme (containinig 0.064 mg of protein), and 0.76
jumole of DL-glyceraldehyde-3-plhosphate. Temperature
230.

utes 49 % of the total DL-glyceraldehyde-3-phosphate
had been transformed; in experiments of this type,
48 to 52 % of added DL-glyceraldehyde-3-phosphate
could be accounited for by the oxidation of NADH,
as measured by the decrease in OD 340 mu. Similar
reaction mixtures from which DL-glyceraldehyde-3-
phosphate was omitted, or in which NADH was re-
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placed byv NAl) showed(l no change iln 01) 340 m,1u
during the incubation plerioci. In reactioln miiixtures
conitaininlg 12.68 miig protein (i.e. 200 timiies the
amotlunt in fig 1) there was a very smiiall decrease ill
OD 340 nt. when a-glycerophosphate dehv(lrogenase
was omitte(l, with anid without suibstrate.

Uinder stanidard conditions of assay for D-glycer-
aldehyde-3-plhosphate dehv(lrogeniase (i.e. in the pres-
enice of cvsteine an(d arseniate) very sliglht activitv of
this enzymiie was detectedl in reactioni miiixttures coIn-
tainiing 0.024 n1g proteiin of the pea seed preparation
iltit nio activity was (letecte(i when only 0.004 mgi- of
p)rotein was present.

It was therefore asstnmiie(d througlhout the studc
that, tinder the cond(litionis of ass-ayvused, the pea seedl
triosel)hosl)hate isomiierase prel)aration was specific
for the I) formii of 1)L-glvcerail(ehy(le-3-phosphate as
stub)strate an(l was free fromii detectable inlterferinig
enizyme activitv.

Effect of pH oni Trioscplhosplhate Isonierasc Ac-
tivitv. Th'le activity of the enzvlme in a series of
0.02 Mi Tris-acetic aci(d buffers, over the ranige pl1
6.5 to pH 9.1 is showni in figtire 2. There xvas a
broad optimumi1 fronm approximiiatelv p'T 7.2 to pH
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FI(;. 2. Effect of pH oii tri0sep)h(-)sp)hate isomerase
activity. Reaction mixtures xwere of the compwosition
describe(d for the assay of tile enizyne. Reactions were
studied in 0.02 -r Tris-acet:c aci(d huffers of the re(uire(d
pH. Temperature 23 .

8.9. In experiments in which the reaction was al-
lowed to proceed for 15 minutes or loilger, 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 destructioin 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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FI(G. 3. Linieweaver-Burk plot of 1/1 againist 1/[S]
for triosepllosphate isoimlerase. V is the illitial velocity
(A/Lmoles of D-g9yceral(lely(le-3-p)hosplhate utilized/reac-
t:on mixture per mill); [S] is the substrate coniceoitra-
tioll ( nlnloles/liter ) Reaction imlixtures w-ere of tile
comlnosition dlescril)edI for tile assay of triosephosphate
isomerase activity, with the substrate concenitration
varie(d as shown. Temperature 230.

IiI 0.01 -i Tris-acetic acid buffer, tile activity was
the saiiie as ill 0.02 m buffer, but the activitv in
0.05 m butffer \as re(luced by 10 to 15 %. Activity
of the enzymle in 0.02 m Tris (approximately 0.01 ,m
witlh respect to HCi) pH 8.0 was only 80 to 85 % of
thle activity ill 0.02 Ml T'ris-acetic acid b)uffer. I t will
le shown sulbseqtuently that cllori(le ions at this con-
centratioll illhiiit the elizvliCe.

Iffect of Substrate Conccitration. Tihe effect of
coilceiltratioin of D-glvceraidehvdle-3-phoslphate onI the
inlitial reactioll velocity is shloWn ill figtire 3 in a
Lineweaver-Burk (5) plot. Tile AMichaelis-Menten
conlstalnt ( Kl.. ) calculated from this l)lot was 3.6 X
10- Mr.

Effect of .41iiowis. The inlhibitorv- effect oIn triose-
Iphospihate isoillerase activity of the addition of vari-
otis salts is shlo\wl inl tahle I. lBoth the stulfates and

Table 1. Effect of AInions oil 7iriose/phosphate
Isonierase .-htiviti'

IReactioni ilixttires were of the comlposition described
for the assay of the enizylile, witi tlle ad(litioi of salts
as showni. Temperature 230. The restilts are expressed
as plercent inhibitioni.

A\dditioI
0.025

(NH4)2SOt
Naa SO4
K.SO4
Li so4
NH4Cl
NaCI
KCI

23
17
14

Final colnC (N)

45
43
43
47
5
3
4

(}AJOI

6
6
7
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chlorides of monovalent c-
seed triosephosphate isom
produced stronger inhibitior
chlorides. The nature of tl
little effect. The salts of
hibited the enzyme. In sel
reaction mixtures of the c
the assay of triosephosphat
addition of sodium acetate
fected a 4 % inhibition of
magnesium acetate inhibited

Effect of Inhibitors. TJ
zyme inhibitors on triosephc
is shown in table II. Phosp
date inhibited activity mark
effect. Iodoacetate effected
p-chloromercuribenzoate (0O
by 77 %. The enzvymie wa
and to cysteine.

Table II. Effect of Enzy,i
phosphate Isoine

Reaction mixtures were ol
for the assay of the enizyme wi
as shown. Temperature 230

Inhibitor

Sodium arsenate
Potassium dihydrogen phosph
Ammonium molybdate
Ammonium fluoride
p-Chloromercuribenzoate
lodoacetate
Cysteine
Cupric sulfate

Distributtiont in Plant j
isomerase activity was dete
the plant tissues examined.
from broadbean, wheat an(d
and roots of pea, broadbear
lings, and mature leaves of

ations inhibited the pea- the figure of 3.9 X 10-4 A%I obtained for triosephos-
erase and the sulfates phate isomerase fronm calf muscle (6). Triosephos-
i of the enzyme than the phate isonmerase from rabbit muscle was inhibited
he monovalent cation had 75 % by 0.05 -i phosphate (11) whereas the pea-
divalent cations also in- seed enzyme was inhibited 60 % by 0.02 M\ phosphate.
parate experiments using Arsenate and cysteine inhibited the pea-seed enzyme;
-omposition described for this was not due to any effect oln glyceraldehyde-3-
te isomerase activity, the phosphate dehydrogenase as the diluted preparation
(final conc 0.02 M) ef- showed no activity when assayed for this enzyme.
activity, whereas 0.01 m The inhibition by p-chloromercuribenizoate indicated

I by 25 %. the presence of thiol groups essential for enizyme ac-
'he effect of several en- tivity in the pea-seed triosephosphate isomerase.
)sphate isomerase activity An unexpected phenomenon was the pronounlced
hate, arsenate and molyb- inhibition of the pea-seed triosephosphate isomerase
edly, but fluoride had no by relatively low concentrationis of sulfate ions.
little inhibition, although Chloride ions also inhibited but a higher concentra-

1.1 mM) reduced activitvtiOll was required. There are no reports of similar
Ls sensitive to Cu21 ions, effects of these ions on the muscle or yeast isomerase

enzymes. Inhibition of enzymes by sulfates and
chlorides is unusual.

The enzyme was found in all plant tissues ex-
nte In1hibitors otn Triose- amined as would be expected from the important role
erase Activity of triosephosphate isomerase in the major pathways
f the composition described of carbohydrate metabolism including glvcolysis, the
ith the addition of inhibitors pentose phosphate pathway and photosynthesis. The

enzyme preparations from pea seeds were very active
and the standard reaction mixture contained only

Final conc Inhibition 0.004 mg protein of the partially purified triosephos-
phate isomerase preparation. Insofar as glycolysis

5 44 was concerned there was a great excess of triosephos-
at2 20 70 phate isomerase in the pea seed extract and it can be

0.5 43 calculated that the potential triosephosphate isomer-
10 0 ase activitv in these extracts is over 7000 times the
0.1 77 maximum overall rate of glycolysis observed in sim-
10 5 ilar extracts (4). The triosephosphate isomerase
4 18 activitv in several animal tissues and yeast was
0.25 69 found always to be about 40 to 200 times in excess

over aldolase (11).
The inhibition by Pi is interesting especially as

Vissuces. Triosephosphate the subsequent step in the glycolysis sequence (gly-
cted in extracts from all ceraldehyde-3-phosphate dehydrogenase) has a re-
Extracts were prepared quirement for Pi. This inhibition by phosphate could

I maize seeds, the shoots be of metabolic significance in glycolysis in minimiz-
i, wheat and miiaize seed- ing the diversion of glyceraldehyde-3-phosphate
pea plants. formed by aldolase into dihydroxvacetone phos-

phate.
Discussion

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

Some of the properties of the triosephosphate
isomerase from pea see(ls were similar to those of the
enzyme in extracts from animal tissues. C'esper and
Meyerhof (11) state that the activity of the enzyme
was the same at pH 7 as at pH 8, but decreased 50 %
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 10-4 M and this agrees well with

Summary
An active preparation of triosephosphate isomer-

ase was obtained from pea seeds. All other plant tis-
sue extracts examiinied showed triosephosphate iso-
merase activity.

The enzyme had a pH optimum of 7.2 to 8.9.
With the experimental conditions used, the Michaelis-
Menten constant for D-glyceraldehyde-3-phosphate
was 3.6 X 10-4 M.

Sulfate ions, anid to a lesser extent chloride ions,
inhibited the enzyme. Inorganic phosphate, arsenate,
p-chloromercuribenzoate and Cu21 ions also reduced
enzyme activity.
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