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In 1938, Wood and Werkman (27) proposed that
certain metabolic phenomena in bacteria could be ex-
plained in terms of the occurrence of a CO,-fixing re-
action. They suggested that CO, is added to pyru-
vate to form oxalacetate (OAA), as shown in equation
(1). Since that time considerable information has
been accumulated about the detailed mechanism

CO, + pyruvate ——> OAA (1)

of this “Wood-Werkman reaction.” It was recog-
nized early that simple addition of CO, to pyruvate
occurred with such an unfavorable free energy change
that some device for supplying chemical energy was
essential if the reaction was to play a quantitatively
important role in intermediary metabolism (7).
Three different CO,-fixing processes whereby this end
can be achieved have been described to date. These
are: a) the malic enzyme (or Ochoa) reaction, b) the
phosphoenolpyruvate carboxykinase (or pepcarboxy-
kinase) reaction, and ¢) the phosphoenolpyruvate
carboxylase (or pepcarboxylase) reaction. All of
these reactions involve the addition of CO, to a C-3
unit, to form a C-4 dicarboxylic acid; and all three
reactions must be combined with some other reaction
to give the net result shown in equation (1).

The focus of current interest has been partially on
the detailed mechanism of these different enzyme re-
actions, and partially on their physiological interrela-
tionships. Although the “malic” enzyme had been
shown to be widely distributed (24), only limited in-
formation was available about the distribution of the
other enzymes. The work described in the present
paper was concerned mainly with the problems of
assaying pepecarboxylase and pepcarboxykinase, and
determining their reaction characteristics and distri-
bution in higher plants. The reaction catalyzed by
pepcarboxykinase, first described by Bandurski and
Greiner (3, 4), is shown in equation (2). The pep-
carboxykinase reaction was first clearly defined by
Utter and Kurahashi (22, 23), who showed that the
enzyme from bird liver catalyzed the reaction shown
in equation (3).

PEP + CO, —— OAA + P, (2)

PEP + CO, + GDP (or IDP)
——=0AA +GTP (or ITP) (3)

(PEP, phosphoenolpyruvate; GDP, guanosine
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diphosphate; IDP, inosine diphosphate; GTP,
guanosine triphosphate; ITP, inosine triphos-
phate; Py, inorganic phosphate.)

The present work has shown that the pepcarboxy-
kinase of higher plants uses ADP rather than GDP.

MATERIALS AND METHODS

EnzyME PreEPARATIONS: Most of the plant mate-
rials were purchased from local groceries. Exceptions
were lupine, pea seed, wheat germ and corn. Lupine
seeds, supplied by Dr. Eric E. Conn, were germinated
as described elsewhere (10). At 5 to 8 days the
cotyledons were removed, washed and treated as de-
scribed below. Pea seed acetone powder was fur-
nished by Dr. Helen Stafford. Spinach leaf acetone
powder was donated by Dr. R. H. Nieman. Wheat
germ S-50 was supplied by General Mills. Corn seeds
(Yellow Dent, Variety WF 9 XM 14), a gift from Dr.
Richard H. Hageman, were germinated according to
his directions in glass casserole trays on acid-washed
sand, with 104 M CaCl, added to the casserole dish
till the solution just covered the sand. The seeds
were put on paper towels placed on top of the sand.
The casserole dishes were covered with parafilm paper
and placed in the dark at room temperature. After 3
days the parafilm paper was removed, and after one
more day the seedlings were collected and washed.

In general, the enzyme preparations used were
made by blending the washed plant material in a
Waring blendor at moderate speeds with enough
0.001 M phosphate buffer of pH 7.4 to give a smooth
homogenate. The mixture was strained through two
layers of cheesecloth and centrifuged at 0°C in a
Servall refrigerated centrifuge at 500 x g for 5 min-
utes. The sediment was discarded. Ammonium sul-
fate was added to the supernatant with constant stir-
ring until the solution was three-fourths saturated.
After 10 to 15 minutes, the suspension was centrifuged
at 0° C for 10 to 15 minutes at 18,000 xg. The pre-
cipitate obtained was suspended in cold, distilled water
and clarified by centrifugation. The clear superna-
tant was dialyzed for 3 to 4 hours against several
changes of distilled water. The dialysate was clari-
fied by centrifugation and the clear protein solution
was lyophilized. The lyophilized powder was the
source of the enzyme extract. All operations were
carried out in the cold at 4 to 8° C.

FRACTIONATION OF PARTICULATES AND CYTOPLASM :
Spinach particulates and cytoplasm for the experi-
ments described in table VIII, were prepared as fol-
lows. Spinach leaves were homogenized in 0.35M
NaCl as described by Arnon et al (1, 2). All opera-
tions were carried out at 0 to 8° C. The large parti-
cles and debris were removed by straining through
cheesecloth and centrifuging at 500 x g for one min-
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ute. The supernatant solution was then centrifuged
for 30 minutes at 18,000 xg. The supernatant solu-
tion obtained from this second centrifugation was the
source of the cytoplasmic protein, which was precipi-
tated by ammonium sulfate and lyophilized after salt
removal as described in the general procedure. The
sediment was washed once by resuspending in 0.35 M
NaCl and centrifuging for 20 minutes at 18,000 x g.
The precipitate was suspended in cold distilled water
and lyophilized. An extract of the powder is referred
to as “total particulates.” To obtain “intact chloro-
plasts” and “small particulates,” the procedure was
the same as that used for preparing total particulates,
except that the first centrifugation was carried out at
300x g, and the suspension was then centrifuged at
1200 x g for 10 minutes, to give a preparation con-
sisting mainly of intact chloroplasts. By final cen-
trifugation for 30 minutes at 18,000 x g, a sediment of
smaller particles was obtained. Washing and lyophi-
lization was carried out as for the total particulate
fractions, and protein solutions were finally made
from the dry powders for the experiments given in
table VIII. The “washed chloroplasts” and “washed
small particulates” were prepared in the same way
except that each fraction was washed three times by
suspension and recentrifugation from 0.35M NaCl
before the lyophilization procedure.

The separation of cauliflower mitochondria was
carried out as described by Laties (13). The mito-
chondrial sediment and the supernatant solution from
the first high speed sedimentation were treated in an
analogous manner to the spinach fractions. That is,
the mitochondria were suspended in water and lyo-
philized. From the dry powder, the soluble protein
was extracted to give the solution used in the experi-
ments. The protein from the supernatant was pre-
cipitated by addition of (NH,4),SO4 to 75 9% satura-
tion. The precipitate was redissolved in H,O and
salts were removed by dialysis, as described in the
general procedure.

Pea mitochondria were prepared from whole 4-day
seedlings ground in 0.2 M sucrose - 0.015 M phosphate
of pH 7.0, as described by Price and Thimann (14).
The protein of the supernatant from the first high
speed centrifugation was recovered by the same pro-
cedure as that described for the cauliflower prepara-
tions. A protein extract was also prepared from the
mitochondria by the same procedure as described for
cauliflower.

REeAGENTs: The sodium salts of adenosine diphos-
phate (ADP), adenosine triphosphate (ATP), guano-
sine triphosphate (GTP) and inosine diphosphate
(IDP) were obtained from Pabst. Crystalline ATP
free of other non-adenine nucleotides was used in
later experiments and found to give exactly the same
results as the amorphous ATP salts. The nucleotides
were neutralized with NaOH prior to use. Inosine
triphosphate (ITP) was the barium salt from Sigma
and was prepared for use as described by Tchen and
Vennesland (19) except that NaOH was used for
neutralization. Phosphoenolpyruvate (PEP) was ob-

PLANT PHYSIOLOGY

tained from two sources. The Ag-Ba double salt of
PEP, a gift from Dr. John Graves, was converted
to the neutral Na salt (19). The PEP-tricyclohexyl-
amine salt was purchased from the California Founda-
tion for Biochemical Research. Both preparations of
PEP gave similar results in the system employed.
Collidine was purchased from Eastman Company.
OAA was prepared from the sodium salt of the di-
ethyl ester (Practical) by the procedure of Heidel-
berger (9). The OAA was neutralized with NaOH
just prior to use. DPNH was used as the salt of tris
(hydroxymethyl) amino methane, and was a gift from
Dr. F. A. Loewus. Protein was determined by the
optical method of Warburg and Christian (11, 26).

ProcepURES AND RESULTS

TaE ExcHANGE REACTION: The pepearboxykinase
reaction was assayed by determination of the ex-
change of C!%0, into OAA in the presence of ATP
(25). The mechanism of this “exchange” is under-
stood as a cycling process, i.e, ATP reacts wtih OAA
to give PEP, CO, and ADP. The PEP and ADP
may then react back with labeled CO, to form car-
boxy-labeled OAA. The reaction has the advantage
of high sensitivity as attested by positive results ob-
tained when the reaction products couldn’t be de-
tected by chemical analysis.

The experimental procedure involved incubation
of the extract to be tested with OAA and C!40,,* in
the presence and absence of ATP (25). The reac-
tion was stopped by addition of 2 ml of 50 % citric
acid to the 10 ml of reaction mixture. The C'40,
was flushed out. Traces of C140, were washed out
with a stream of unlabelled CO,, the flushing was re-
peated, and a sample of the last remaining CO, was
always collected for radioactivity determination, to
ensure that the removal of C140, was virtually com-
plete. If the radioactivity determination of the con-
trol showed that the C40, of the medium had not
been entirely removed, the experiment was discarded.
After removal of the CO, of the medium, the OAA
was decarboxylated by addition of 5 ml of aniline cit-
rate reagent. The CO, formed was collected in 4 ml
of CO,-free, 1 N NaOH. The CO, content of an
aliquot of this solution was determined manometri-
cally. Then another aliquot (usually 2 ml) of the
solution was diluted to 20 ml with CO,-free water,
and sufficient 0.5 M Na,CO; was added to make a
total of 250 micromoles of carbonate. The carbonate
was precipitated by addition of 0.4 ml of 1M BaCl,.
The BaCOj; was collected by centrifugation and washed
with methanol. The washed precipitate was plated,
dried and counted at infinite thickness in a gas-flow
counter. The counts per minute, corrected for back-
ground, were corrected by the known dilution factor
to give the counts per minute (cpm) of the collected

4 The term C®O. is used here to represent all forms
of carbon dioxide and carbonate. During the incuba-
tion, the label is present mainly as HC*Os", but it may
be the unhydrated form, C4O., which actually partici-
pates in the reaction.
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COs,, i.e, of the B-carboxyl group of the OAA. About
50 micromoles of NaHC!4O; containing about 2.5 uc
of C'* were added to each reaction mixture. This
carbonate had a thick sample count in our apparatus
of 3x10% cpm. All data are given as thick sample
cpm determined under identical conditions. The ratio
of the specific activity of the B-carboxyl group of
OAA to the specific activity of the carbonate of the
medium at the beginning of the incubation may be
obtained by dividing the figures for “exchange” by
the thick sample count of the added NaHC4O,
(3x 108 cpm).

Table I contains representative results obtained
for the exchange reaction with extracts from eighteen
different sources. The thick sample count of CO,
collected from OAA incubated in the absence of ATP
was about the same in all experiments, ranging from

TaBLE I
DistriBUTION OF THE ATP-STIMULATED EXCHANGE
REAcTION
EXEHANGE

ENZYME SOURCE (107 x cpm)

No ATP 10 micromoLES ATP
Corn seedling 23 90
Squash fruit 3.1 83
Cauliflower bud 36 71
Lupine cotyledon 23 70
Turnip 24 42
Mustard leaf 28 24
Radish leaf 41 14
Cabbage leaf 29 13
Cucumber fruit 18 11
Wheat germ 29 10
Pea seed 36 6.3
Parsnip root 26 42
Egg plant 22 42
Honeydew melon 26 4.0
Parsley leaf 29 36
Spinach leaf 18 34
Tobacco leaf 19 19
Lettuce leaf 2.0 1.7

The test system contained 100 micromoles of OAA,
100 micromoles of MnCl:, 50 micromoles of NaHC™ O,
(3.0x10° cpm), 500 micromoles of collidine buffer of pH
7.0, and enzyme, in a total volume of 10 ml. Incubation
was for 30 minutes at room temperature, which was gen-
erally 23° C. Except for the case of pea seed and
spinach leaf, the enzyme was prepared by suspending 20
to 30 mg of lyophilized powder per ml of deionized
water, and centrifuging down the insoluble residue. One
ml of the clear supernatant solution was added to the
incubation mixture.

The preparation from pea seed was made by fraction-
ation of an aqueous extract of the acetone powder with
ammonium sulfate. The protein which precipitated be-
tween 25 and 70 % saturation was dissolved in water and
dialyzed overnight against 0.005 M collidine buffer of pH
74. In the assay 1.5 ml of solution, corresponding to 2
gm of acetone powder, was used. In the case of spinach,
the acetone powder was extracted with 0.002 M collidine
of pH 7.0. The extract was dialyzed overnight against
0.01 M collidine of pH 6.8, and clarified by centrifuga-
tion. One ml of material, corresponding to 50 mg of
acetone powder, was used in the assay.
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TasLE II
REQUIREMENTS oF THE “BrLANK” ExcHANGE REAcTION
REACTION SYSTEM Excrance
. (1072 x cPM)
Complete 24
No ATP 28
Complete, enzyme heat-inactivated 2.7
No enzyme 26
No enzyme, no Mn** 04
No enzyme, no OAA 0.2

The reaction mixture and procedure were the same
as that used in the experiments of table I. Mustard leaf
was the enzyme source; and 13 mg of protein were used
in the test system. When OAA was omitted during the
incubation, it was added later as a carrier to provide
CO. during the decarboxylation.

approximately 200 to 400 cpm. When the incubation
mixture contained added ATP, there was a much
larger amount of exchange observed in more than half
of the cases. The ten sources of the first group in
table I all gave a response to ATP of sufficient mag-
nitude to be regarded as unquestionable. Only to-
bacco leaf and lettuce leaf gave clearly negative
responses to ATP. The negative and questionable re-
sults are not regarded as proof of the absence of the
enzyme, but only as inconclusive. Later experiments
showed that extracts of pea seedlings definitely cata-
lyzed the ATP-stimulated exchange, so the results
with pea seeds, for example, probably reflect the pres-
ence of a small amount of enzyme. The reproduci-
bility of the exchange assay was determined in some
instances by as many as five duplicate experiments,
and considerable variability in the numerical results
was observed. However, the difference between the
lowest and highest value of duplicate determinations
did not exceed 40 9% of the highest figure. It is likely,
therefore, that most of the results listed as question-
able should be regarded as positive, but the authors
prefer to leave the question open in view of possible
alternative explanations for small positive effects.

The data in table I shows that definitely positive
results were obtained with four of the eight families
tested. The reaction occurs in both monocotyledonous
and dicotyledonous plants, and active preparations
were obtained from fruits, roots, buds, cotyledons,
seeds and leaves.

THE “BLANK” ExcuANGE: The results in table I
show a small and relatively constant exchange in the
absence of ATP, no matter what the enzyme source.
Further experimentation showed this reaction to be
largely non-enzymatic, and dependent on added Mn™*.
Table II shows the experimental evidence for this
conclusion. The complete system contained all the
components of the assay, including ATP. It is clear
that the same small exchange was observed if the en-
zyme was omitted, or heat-inactivated, or if the ATP
was omitted. When Mn** was omitted, however, the
exchange decreased to about one tenth of the amount
observed in the presence of Mn'*. It seems reason-
able to assume that the Mn**-dependent exchange is a
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measure of the reversibility of the non-enzymatic
Mn**-catalyzed decarboxylation of OAA. The justifi-
cation for this assumption is detailed in the following
paragraph.

To assess the significance of the “Blank” exchange,
one may calculate from the best available data how
much C'40, exchange might be expected to occur if
the decarboxylation was a one-step reaction and the
exchange represented a simple reversal of this re-
action. For the reaction

OAA* + H,0 —— pyruvate + HCO4~

Burton and Krebs (6) have calculated the free energy
change at unit activity and 25°C, A F°=-6.39
kilocal. From this value, the equilibrium constant,
K= (HCO3") (pyruvate)
(0AA)

AF°=-RTInK (where R is the gas constant
and T is the absolute temperature). K=4.9x 104
For the reaction

may be calculated.

k
OAA" —— pyruvate + HCO;3~;
k/
k
K= v 4.9 x 10¢ moles/L
If the amount of C!4 entering OAA is represented by
x, then

w i C14
= k’ (pyruvate) (HCOjz) (‘}ﬁs—-)

[Where is the specific activity of the HCO3~

4
(HCOg3")
at any particular time and the parentheses represent
concentrations in moles/L]

This gives equation I:

I. dx=k’-C (pyruvate) dt
Divide equation I by an equation II:
II. d(pyruvate) = k(OAA)dt = k[A - (pyruvate)]dt

where A is the initial concentration of OAA.
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This gives
dx _ }(_’ 14, (pyruvate)
d(pyruvate) _ k [A - (pyruvate) ]
14
or dx = —C— . (pyruvate) d(pyruvate)

K [A- (pyruvate)]

This expression may be integrated to solve for x when
any particular fraction of the OAA has been de-
carboxylated.

For 50 9, decarboxylation,

b4 A/2
f dxzc_“f _(Bmg)__d(pyruvatehc
A K . J, [A-(pyruvate)]
A/2

/ (pyruvate)
o [A - (pyruvate)]
A72
= [A - (pyruvate)] — A In[A - (pyruvate) ]
0
=A(In2-%})
C=0
14
x=0.19 - % A
X A
or cu= 0.19 T
If A=1x102
X
W =39 x 10-8

If C14=100, x=3.9x 108, and is the % of the total
C14 which will have been introduced into the B-car-
boxyl group by the time half of the OAA has been
decarboxylated. Since the calculation does not take
into account the fixed C14 which will be lost again by
decarboxylation, the above figure is too high. The
amount of OAA which was decarboxylated in the
blank sample was generally somewhat less than 50 %,
in which case the calculated amount of C!# fixed will
also be high so the statement is justified that less than

TasLE 111
CHARACTERISTICS OF THE ATP-STiMuraTeED ExXcHANGE REACTION
TIME OF INCUBATION ENzYME coNC Mn** coNc ATP conc
ExcHA EXCHANGE - EXCHANGE EXCHANGE
TIME (155 coar) PROTEIN (102 o) Mn (10 x cPM) ATP (102 % cpm)
min mg micromoles micromoles
5 8 3.9 38 0 0.5 0 3
15 17 78 46 5 18 5 14
30 28 129 170 25 15 10 25
60 72 20.7 390 50 24 25 25
. 100 43 50 30
- i, o ... . 100 24

Except for the variant under examination, the conditions were the same as described. in the legend for table I.
Each reaction mixture contained 3.5 mg of protein from turnip. The data are not sufficiently accurate to warrant
the conclusion that the departures from linearity, with time and with protein concentration, are real.
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TaBLE IV
CoMPpARISON OF Mg** AND Mn**
EXCHANGE
3
ENZzZYME SOURCE (107 x cpm)
No METAL Mg+ Mn*
Turnip 20 76 47
Cauliflower bud 22 6.1 68
Squash 48 19 63
Lupine cotyledon 18 52 69

Conditions as in table I. One hundred micromoles
of the chloride salt were added.

3.9x 1089, of the total C14¢ would be introduced into
the B-carboxyl group.

The calculated value may now be compared with
the value actually observed in the blank. The thick
sample count of the CO, from the 50 micromoles of
OAA left at the end of the reaction was generally
about 3 x 102 per minute. The thick sample count of
the 50 micromoles of HC4O3™ present in the medium
initially was 3 x 108 counts per minute. The ratio
3x10%2/3x108=1x10%, or 1x102 percent of the
C14 added was actually observed to be fixed. This is
three orders of magnitude greater than the calculated
value. Though the free energy data and the experi-
mental data are subject to considerable error, these
errors are probably not large enough to account for
the large discrepancy between the experimental result
and the calculated result. This discrepancy must
therefore be regarded as evidence that the mechanism
assumed for the exchange reaction is incorrect. The
most likely alternative is that the reaction proceeds
in two steps, with an enol of pyruvate formed as an
intermediate. It seems probable that the enzyme-
catalyzed decarboxylation and the non-enzymatic,
Mn**-catalyzed decarboxylation are alike in this re-
spect (8, 18).

ProPERTIES OF THE ATP-DEPENDENT EXCHANGE
REeacTioN: A series of experiments were carried out
to determine the dependence of the exchange reac-
tion on the components of the system. The affects of
varying time of incubation, amount of protein, Mn**
concentration, and ATP concentration are shown in
table III. When Mg** was substituted for Mn"*, the
effect varied with the enzyme source tested (table
1Vv).

NucLEOTIDE SPECIFICITY: After extensive purifica-
tion of the pepcarboxykinase from avian liver, Utter
and his collaborators were able to show that the re-
action utilized ATP only indirectly (12, 22, 23). The
natural substrate appeared to be GTP, though ITP
was also active. Similarly, the pepcarboxykinase of
lamb liver was shown by Bandurski and Lipmann
(5) to use ITP in preference to ATP. The present
studies included an examination of the nucleotide
specificity of the ATP-dependent exchange catalyzed
by enzyme preparations from several of the plant
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sources. Preparations from turnip were tested most
extensively, with ATP, ITP and GTP. Representa-
tive preparations from five other sources were ex-
amined with ATP and ITP. The results are sum-
marized in table V. In each experiment, the blank
determination and the determination with added nu-
cleotides were carried out with the same enzyme un-
der strictly comparable conditions. The major con-
clusion was that in every one of the cases examined,
ATP was much more effective than ITP. ATP was
also considerably more effective than GTP with the
turnip preparation. The previously reported finding
(19) that ITP was as effective as ATP with wheat
germ could not be confirmed. This may have been
due to the fact that the enzyme preparations were
very impure. It is possible that the discrepancy may
be due to a transphosphorylation brought about by a
trace of adenine nucleotide present in either the ITP
or the enzyme preparation. In any event, it appears
that ATP is most likely to be the natural substrate
for the pepcarboxykinase from higher plants.
DisTriBUTION OF PEPCARBOXYLASE: The spectro-
photometric test described by Tchen and Vennesland
(19) was used to test the various enzyme prepara-
tions for the presence of pepcarboxylase. This test is
applicable only in the presence of malic dehydrogenase.
It is based on the oxidation of DPNH by OAA
formed from added PEP, the oxidation being meas-
ured by following the decrease in optical density at
340 my. The enzyme solutions were tested first to
ensure that DPNH was rapidly oxidized by added
OAA, but not by added pyruvate. All the enzyme
preparations tested fulfilled this criterion. The effect
of added PEP on the oxidation of DPNH was then
determined. The enzyme preparations usually caused
an oxidation of DPNH in the absence of added PEP.
When this DPNH oxidation was rapid, the assay pro-
cedure was less reliable, but the use of careful con-
trols often made it possible to conclude that the ad-
dition of PEP definitely increased the rate of oxida-
tion of DPNH. In addition to spinach leaf and

TaBLE V

NUCLEOTIDE SPECIFICITY OF EXCHANGE REAcTION

EXCHANGE
(1072 x cPM)
ENZYME SOURCE N
[$}
NUCLEOTIDE ITP ATP GTP
Turnip 24 3.0 42 e
«“ v e 171 22
Corn seedling 23 6.3 90 ..
Squash 3.1 9.0 83
Cauliflower bud 45 7.7 73
Lupine cotyledon 22 38 43
Wheat germ 29 22 10

The test system was the same as that of table I.
Nucleotides were added as specified in the amount of 10
micromoles per 10 ml reaction mixture. The two experi-
ments with turnip were performed with different enzyme

preparations.
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moles of phosphate buffer of pH 7.0, 10 micromoles of
MgCle, 0.117 micromoles of DPNH, and other addenda
as indicated, in a total volume of 3 ml. Each mixture
contained 0.1 ml of the same extract from pea seed as
was used in the experiment of table I. The reaction
mixture was placed in cuvettes of 1 cm light path and
the optical density at 340 mu was measured with a Beck-
man spectrophotometer. The readings plotted on the
graph have been corrected for absorption of all compo-
nents other than the DPNH. Curve 1, no added sub-
strate; curve 2, 2 micromoles of PGA and 30 micromoles
of NaF; curve 3, 2 micromoles of PGA; curve 4, 2
micromoles of PEP. The curve for PEP and NaF could
almost be superimposed on that for PEP without NaF.

wheat germ, which have previously been shown to
contain pepcarboxylase, the following enzyme sources
gave clearly positive tests: pea seed, parsnip root,
caulifiower buds, cabbage leaf, turnips, lupine cotyle-
don, mustard leaf, and squash. With other sources
tested, results were questionable or negative, but
these negative results should not be regarded as defin-
itive proof of the absence of the enzyme. In some of
the cases where added PEP caused an oxidation of
DPNH, added phosphoglyceric acid (PGA) was also
tested, and found to be effective, but to a lesser ex-
tent than PEP. The oxidation of DPNH by PGA
under these circumstances could be inhibited by NaF,
but this reagent did not affect the oxidation of
DPNH by PEP. These phenomena are similar to
those already reported in detail for spinach and
wheat germ. The inhibition by F- is readily explained
by the action of this inhibitor on enolase. A typical
set of experiments with pea seed is shown in figure 1.
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The DPNH oxidase activity of the extract from pea
seed was smaller than that generally encountered in
the various enzyme sources tested. Other data are
not given in detail because of the general similarity of
the results to those previously documented.

Tue FormaTioN oF C!'%-OAA rFroM PEP aND
ADP: Pepcarboxylase will cause the formation of
B-carboxy-labeled OAA (C'4-OAA) from PEP and
C140,, but pepcarboxykinase can cause C14-OAA for-
mation only if ADP is added with PEP. The de-
pendence of the reaction on addition of both ADP
and PEP can best be demonstrated in the absence of
pepcarboxylase. Experiments which illustrate this
are shown in table VI. The enzyme preparations
used had been shown to be free of pepcarboxylase.
The data in the table also show that pyruvate alone
was inactive as a substrate, and that IDP could not
be substituted for ADP.

Since no cyeling is necessary when OAA is formed
directly from PEP, CO, and ADP, the data of table
VI should give a more realistic measure of the rate at
which OAA may be formed by the pepcarboxykinase

TasLE VI
Sy~rtHEsIs oF OAA rFroM PEP anp C*O.

ENzZYME ADDITIONS IN “-0AA

SOURCE MICROMOLES (1072 x cPM)
Turnip root 100 PEP, 50 ADP 236

“ «“ 100 PEP 03

«“ « 50 ADP 03

«“ «“ 100 Pyruvate 0.2
Corn seedling 50 PEP, 100 ADP 140

« «“ 50 PEP, 100 IDP 34

“ “ 50 PEP 06

The reaction mixtures contained 500 micromoles of
collidine buffer of pH 7.0, 100 micromoles of MnCl,,
C*0. as in the “exchange’” assay, 1 ml of enzyme, and
other components as specified, in a final volume of 10
ml. Incubation was for 30 minutes at room tempera-
ture. After the reaction had been stopped by the addi-
tion of citric acid, 50 micromoles of OAA were added as
carrier. The decarboxylation of OAA and the determina-
tion of the radioactivity of the CO. were then carried
out exactly as in the “exchange” experiments previously
described. The results, given in counts per minute, cor-
rected for background, are comparable with those of the
previous tables. The enzyme preparation from corn
seedling contained 9.5 mg of protein per ml. The prepa-
ration from white turnips contained 7.3 mg of protein
per ml. This preparation had been partially purified for
the ability to catalyze the ATP-stimulated exchange re-
action. The turnips were homogenized with phosphate
buffer, the solids were removed by centrifugation and
the activity was precipitated from the extract by addi-
tion of (NH,).SO. to 60 % saturation. The protein was
dissolved in water, and the salt was remov.ed by dialysis.
A precipitate which formed when the solution was heated
to 50° C for 5 minutes was removed by cgntnfugatlon.
The pH was adjusted to 5.2 with acetic acid and a sus-
pension of calcium phosphate gel was added (0.2 mg per
mg protein. The gel was removed and the supernatant
was fractionated with (NH,):S0.. The most active frac-
tion was obtained between 35 and 50 % saturation. It
was dialyzed to remove salt, and lyophilized. The puri-
fication as measured by the ATP-stimulated exchange
was 10-fold over the first extract, per mg protein.
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reaction than any of the data obtained by measure-
ment of the ATP-stimulated exchange. The latter
test has the advantage, however, of being qualitatively
more specific. Thus, pepecarboxylase will give no
ATP-stimulated exchange reaction, but it will cause
OAA formation from PEP and CO, alone, without
added ADP. Under these circumstances, it is obvi-
ously difficult to determine a small amount of pep-
carboxykinase. For this reason mainly, the ATP-
stimulated exchange test was selected for use in the
broad survey of the distribution of pepcarboxykinase.
It is necessary to keep in mind, however, that even
though pepcarboxylase alone can cause no ATP-stim-
ulated exchange whatever, it can cause an increase in
the magnitude of the exchange test observed if pep-
carboxykinase is present. Any quantitative evalua-
tion of the ATP-stimulated exchange test therefore
requires consideration of the possible effect of the
pepcarboxylase which may be present. It is possible,
for example, that the relatively large stimulatory ef-
fect of Mg™ observed in the ATP-stimulated ex-
change catalyzed by a lupine cotyledon preparation
(table IV) may be due to a relatively large amount
of pepcarboxylase present, since pepcarboxylase ap-
pears to respond to Mg** better than does pepcar-
boxykinase in those cases where the enzymes have
been tested separately (3).

Resurts wiTH SpinacH: Spinach leaf had been
shown in previous work by others (4) to give no
ATP-stimulated exchange reaction, but to be an ex-
cellent source of pepcarboxylase. Because of the
large amount of enzyme present and the absence of
pepecarboxykinase activity, spinach appeared to be
well suited for a study of the possible localization of
pepcarboxylase. Previous work with spinach had all
been done with extracts of acetone powders. Since
acetone treatment disrupts particulate structures, it
could not be employed in the localization studies.
Solubles and particulates were therefore separated by
centrifugation, as described in the section on Mate-
rials, and protein-containing extracts from the vari-
ous fractions were tested for catalysis of labeled OAA
formation from PEP and C'*Q, in the presence and
absence of ADP. Note that in all cases a protein
solution was used for the experiment. No chlorophyll
was present in the incubation mixtures.

The results given in table VII show that pepcar-
boxylase is associated with the particulate fraction
and that it is not removed by repeated washing of the
particulates in the suspending medium used, though
the enzyme is readily solubilized after lyophilization.
The small particulate fraction which consisted of
mitochondria and chloroplast fragments, was more
active per mg protein than the intact chloroplast frac-
tion, but the intact chloroplasts contained consider-
able activity. The question of whether the enzyme is
really present in the chloroplast or in smaller particu-
lates, or in both, should probably be left open, how-
ever, since it is difficult to determine the extent to
which the chloroplasts are contaminated by mito-
chondria (which have been shown to be present in
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TaBLE VII
INTRACELLULAR LOCALIZATION OF ENZYMES IN
SpINACH LEAF
C“-0AA SPECIFIC
(102 x cpPM) ACTIVITY *
N Ay
Ay Ay oy Ay
PREPARATION Ma °”; % @ DU'; az;; 2]
TESTED PROTEIN & & 2] 83
= =1 O = - O
o [=] E =} (=} s
= =0 S 2o
[=} o & [=] Qo «
=] -] & s o
S 28 ] =8
= = S = c o
8 B= 3 32
Total particulates 4.7 38 100 8.1 21
Cytoplasm 17.7 005 009 0.003 0.005
Intact chloroplasts 5.8 5 20 09 34
Small particulates 56 54 147 9.7 26
Washed chloroplasts 1.7 29 59 17 35
Washed small par-
ticulates 19 98 230 52 121

The procedure was the same as that described for

table IV.
-2
* Specific activity = 107 x cpm

mg protein

leaves (15)), and since the smaller particulate frac-
tion certainly contained a high proportion of chloro-
plast fragments. The washing procedure removed
protein from both fractions, but most of the enzyme
activity was retained, with the result that the activity
per mg protein was considerably increased by washing.
The surprising fact which emerged from these ex-
periments was that ADP caused a considerable stimu-
lation of the gB-carboxyl-labelled OAA formation.
This was not expected because of previous failure to
detect pepcarboxykinase in spinach. The simplest in-
terpretation of the unexpected ADP effect was that
pepcarboxykinase was indeed present, and that pre-
vious failures to detect it were due to the inactivation
of the enzyme by the different preparative procedures
previously employed. The spinach particulates were
therefore tested for their ability to cause an ATP-
stimulated exchange reaction. The results were nega-
tive. Because of the anomalous nature of these re-
sults, the experiments were repeated many times.
The ADP effect was readily duplicable. Two- to
four-fold stimulation of C14-OAA formation was ob-
tained with fresh particulate preparations, but no
ATP-stimulated exchange reaction was observed.
Table VIII shows the results of experiments per-
formed to test the variation of the effect with the
amount of ADP added, and the effect of IDP. It is
apparent that IDP is as effective as ADP, in con-
trast to the results obtained with the other plant
sources. Elucidation of the nature of the ADP effect
observed with spinach requires further experimenta-
tion, with a tentative conclusion that the effect can-
not be attributed to a pepcarboxykinase of the sort
demonstrated and studied in other plant sources.
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Locarizatiox Srtupies wiTH CAULIFLOWER AND
Pea: A few preliminary experiments were carried out
with cauliffower bud homogenate and with pea seed-
lings, to see whether the enzymes could be localized in
the soluble or particulate fractions. Both of these
sources contained both pepcarboxylase and pepcar-
boxykinase activity. The question of localization is
of interest, because a mixture of the enzymes would
behave like an ATP-ase. That is, the net effect of
the two enzymes acting together (with a small amount
of either PEP or OAA) would be to convert any ATP
which was present to ADP and inorganic phosphate.
It would be interesting to know whether the cell ac-
tually employs such a mechanism for hydrolyzing
ATP.

Efforts to show a completely separate localization
of the two enzymes in solubles and particulates of
caulifiower buds and pea seedlings were not success-
ful. The results obtained with the fractions from
cauliflower are given in table IX. Each fraction was
tested for its ability to cause labelled OAA formation
from PEP alone, from PEP and ADP, and from OAA
in the presence of ATP. The latter tests were car-
ried out as described for the assay procedure of table
I. The other experiments were carried out as de-
scribed for the experiments of table VIII. The data
of table IX shows that no clear-cut separation of the
enzymes was achieved by the centrifugation proce-
dures employed, and that the cytoplasmic protein ap-
pears to be richer in both enzymes. In the case of
pea seedling, there was a higher ATP-stimulated ex-
change in the particulate protein fraction than in the
soluble protein. Thus, the standard “ exchange ” as-
say gave a value of 8.4 x 102 cpm for 6.5 mg of mito-
chondrial protein, and 4.6 x102 cpm for the same
amount of cytoplasmic protein. The latter result is
close to the blank level, but is not clearly negative.

DiscussioN

One of the main questions pertinent to function is
the problem of the rate at which the carboxylases op-

TasLE VIII

ADP EFFECT WITH SPINACH PARTICULATES

14
Exepr. No. NUCLEOTIDE (ICO"-SéI;)
T 500
10 micromoles ADP 630
50 micromoles ADP 980
100 micromoles ADP 1050
2 L. 210
100 micromoles ADP 570
100 micromoles IDP 490

The reaction mixtures and procedures were the same
as those described for table VI, except that 50 micro-
moles of PEP were added in every case and the nucleo-
tides were added as indicated. In experiment 1, each
reaction mixture contained 3.4 mg of protein from small
particulates. In experiment 2, each reaction mixture
contained 3.8 mg of protein from another preparation of
small particulates. The small particulates were prepared
as described for the experiments of table VII.
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TaBLE IX
Resurts witH CauLirLower Bup HOMOGENATE
ExzYME ADDITIONS IN “.0AA
SOURCE MICROMOLES (10 x cPM)
Mitochondria 100 PEP 20
100 PEP, 50 ADP 64
100 OAA, 10 ATP 6
Cytoplasm 100 PEP 186
100 PEP, 50 ADP 254
100 OAA, 10 ATP 19

) The experiments with mitochondria were carried out
with 3.8 mg of protein, and those with cytoplasm were
carried out with 7.3 mg of protein. The reaction mix-
tures and procedures for the experiments with PEP
alone and with PEP and ADP were the same as de-
scribed in the legend for table VI. The experiments
:Vltt)l]l (I)AA and ATP were carried out as described for
able 1.

erate to form OAA. A measure of this rate is pro-
vided by the experiments in which the enzyme prepa-
ration is incubated with PEP and C!40,, with or
without ADP. The data given as counts per minute
of C1%-OAA can be converted to micromoles of OAA
formed per unit time for a given amount of enzyme
preparation by multiplying the cpm for C14-OAA by
50/3 x 108, (50 micromoles of bicarbonate with a
thick sample count of 3 x 106 were present in the in-
cubation mixture, and the CO, was collected with 50
micromoles of carrier OAA. One may assume that the
amount of OAA formed is inappreciable in relation to
the amount of carrier added. Though this is not
strictly correct, the error introduced by the assump-
tion is probably no greater than the errors of the
measurements.) Thus, for corn seedling (table VI),
14,000 x 50/3 x 108 = 0.23 micromoles of C1¢-OAA was
formed in the incubation period of 30 minutes. The
present studies were not planned to obtain accurate
rate measurements, and the figures should only be re-
garded as approximate. There is also no assurance
that test conditions were optimal, or that the prepa-
ration of the extracts did not entail a loss of activity.

Carboxylase and carboxykinase may both be re-
garded as enzymes catalyzing steps in the conversion
of carbohydrate to malate. The well-known crassu-
lacean acid metabolism of the succulents has been
shown to consist of the production of malic acid at
night with a diminution of carbohydrate followed by
a loss of malate in daylight with an increase of carbo-
hydrate (20). It has been suggested that this diurnal
fluctuation is not confined to the succulents, but is
widespread throughout higher plants, the difference
between succulents and non-succulents being quanti-
tative rather than qualitative (21). Saltman et al
(16) have identified OAA as the probable first prod-
uct of dark CO,-fixation in leaves of Bryophyllum
calycinum, and have demonstrated the presence of
pepcarboxylase in leaf extracts. The present work
shows that both pepcarboxylase and pepcarboxykinase
are widely distributed.



MAZELIS AND VENNESLAND——CO2 FIXATION INTO OXALACETATE

The OAA formed by carboxylation would not be
expected to accumulate. One of the most active en-
zymes in plant tissues is malic dehydrogenase, and
any OAA formed would be immediately reduced to
malate if reduced diphosphopyridine nucleotide
(DPNH) were available. An unpublished study has
been made in our laboratory by A. Magaldi, of the
relative rates of oxidation of DPNH by various oxi-
dants in the presence of acetone powder extracts from
a variety of plant sources. The results with OAA,
calculated as micromoles DPNH oxidized per hour
per mg dry weight of the extract, may be listed as
follows: pea shoot, 90; pea root 210; pea seeds 28,
36; parsley leaf 31, 30, 11.5; cress shoot, 101; carrot
root 11; wheat seedling root, 31; and wheat germ,
220. Oxidation of DPNH by pyruvate never ap-
proached such activities, and the oxidation of DPNH
by hydroxypyruvate in the presence of leaf extracts,
which is a rapid reaction (17), was never more than
15 % as rapid as the oxidation by OAA.

In connection with the spectrophotometric assays
of pepcarboxylase described in the present paper,
measurements were always made of the rate of oxida-
tion of DPNH by OAA and by pyruvate in the pres-
ence of the various extracts tested. These tests
showed that OAA always oxidized DPNH at a rate
much more than sufficient to account for the reaction
observed with added PEP, whereas the oxidation of
DPNH by pyruvate was always too slow to account
for the PEP effect observed. The results all con-
firmed the generalizations made from the earlier ob-
servations of Magaldi, that malic dehydrogenase ac-
tivity is always high, and lactic dehydrogenase activity
is low or absent. In many instances, where DPNH is
oxidized by addition of pyruvate, it is possible that
the pyruvate is first decarboxylated to acetaldehyde
which then acts as oxidant for DPNH. (The rela-
tively high lactic dehydrogenase content of potato ap-
pears to offer an exception to the general rule (17).

The data available on enzyme activities therefore
suggest that in many, if not all, plant tissues, malate
should be regarded as the natural end-product of the
anaerobic phase of carbohydrate breakdown, analo-
gous to lactate in muscle and ethanol in yeast.5 (This
does not imply that lactate and ethanol formation
have no functional significance in higher plants, but
only that malate formation is more important quanti-
tatively in most cases. Lactate formation appears to
be of minor significance, with ethanol formation oc-
cupying an intermediate position.) Since many plants
contain a malic enzyme (24) in addition to pepcar-
boxylase and pepcarboxykinase, the interplay of all
three CO,-fixing reactions must be taken into account
in any description of the course of molecular events
within the intact tissue. The three CO,-fixing en-

5If malate formation does not occur anaerobically,
but requires O, then the formation of PEP cannot occur
over the classical path from fructose-1,6-diphosphate by
way of the aldolase and triose-phosphate dehydrogenase
reactions, which would provide adequate amounts of
DPNH.
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zymes must have different functional roles. It has
been pointed out previously (19) that pepearboxy-
kinase can cause a conversion of OAA to PEP and so
may act in the synthesis of carbohydrate from or-
ganic acids, whereas pepcarboxylase cannot function
in this way. Furthermore, since the direction of the
pepcarboxykinase reaction can be determined by the
concentration levels of CO,, ADP, and ATP, it is not
difficult to visualize a means whereby the photosyn-
thetic production of ATP and utilization of CO, could
lead to malate disappearance, whereas increase in CO,
and conversion of ATP and ADP would lead to
malate formation. The pepearboxylase reaction, on
the other hand, could account for the conversion of
carbohydrate to malate at low CO, tensions, and
would not respond to changes in the concentration
levels of ATP and ADP. Nevertheless, the fact that
these various enzymes have different functional po-
tentialities does not completely define their relations
to each other, and the manner in which their action
is integrated within the cell is a subject worthy of
further investigation.

SUMMARY

Assay procedures have been described for detect-
ing pepcarboxylase and pepcarboxykinase in the tis-
sues of higher plants, with special attention to the
problems encountered in assay when the two enzymes
are present in the same extract. Both enzymes were
shown to be widely distributed in plant tissues. They
frequently occur in the same source. The pepcarboxy-
kinase of higher plants is specific for ATP rather than
other nucleotides. Anomalous results with spinach
particulates showed that OAA formation from PEP
was enhanced by ADP and IDP, though other tests
for pepcarboxvkinase were negative. The pepcar-
boxylase of spinach was localized in particulates. In
cauliffiower buds and pea seedlings, both the mito-
chondrial and the cytoplasmic proteins appeared to
contain both enzymes, though in different amounts.
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I. SURVEY METHODS 1.2

FRANK B. SALISBURY

Borany AND PraNT PaTHOLOGY DEPARTMENT, COLORADO STATE UNIVERSITY,
Fort CorrLiNs, CoLORADO

Recent investigations have shown that applied
auxin may have either a positive or a negative effect
upon the flowering of certain plants (eg., 3, 7, 9, 14,
16, 22, 23, 26, 29, 32, 35, 36). Growth regulators
other than auxin (e.g., maleic hydrazide (18, 30), tri-
iodobenzoic acid (12), gibberellin (21, 37), cobaltous
jon (24), etc.) have also been shown to influence the
flowering process in a number of plants. On the basis

1 Received May 21, 1957.

2 Published with the approval of the Director, Colo-
rado Agricultural Experiment Station, Fort Collins,
Colorado as Scientific Series Paper No. 515. Report of
work supported by allotments under Section 9b, 3,
Bankueap-Jones, Title I. W-11. Studies on physio-
logical and ecological factors related to weed control.

of the auxin effects, theories of the mechanism of
floral induction have been proposed (1, 6, 10, 19, 20,
24, 25, 31), and additional insight into the partial
processes of induction has been gained (27, 33).

Specifically, the present work was carried out to
answer the following four questions: 1) Does a par-
ticular growth regulator influence flowering? 2)
Which phase of the flowering process does it influ-
ence? 3) Will effects upon flowering illuminate the
flowering mechanism? 4) Will effects upon flowering
illuminate the mechanism of action of a.given growth
regulator upon growth?

Seven compounds were chosen as representatives
of growth regulator types presently considered to be
of importance: maleic hydrazide (MH), 2,2-dichloro-



