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Malate is a key intermediate in converting acetyl
units to sucrose in germinating castor beans (8).
In an earlier paper evidence was presented to show
that a mechanism exists for the production of phos-
phoenol-pyruvate from malate in this material and
that phosphoenol-pyruvate is an intermediate in the
production of sucrose from malate (6). In this
paper individual reactions which form a sequence
leading from phosphoenol-pyruvate to sucrose are de-
scribed.

Material & Methods

The procedures for preparation of extracts, chro-
matographic and counting procedures were as previ-
ously described (6). The methods for following in-
dividual enzyme reactions are outlined in the text.

Results

As described earlier, castor bean extracts con-
tain phosphoenol-pyruvate carboxylase, which in the
presence of its substrate phosphoenol-pyruvate and
C140, produces oxalacetate-4-C'* (6). The results
in table I show that oxalacetate-4-C'* is also produced

Table 1
Oxalacetate Formation From Phosphoglyceric Acid

cpm HC'O,~ Incorporated into

Time (min) OAA-4-C'4/ml

0 13.5
8 304.0
20 1,502.0
30 2,695.0
30 (minus PGA) 63.5

The reaction mixture contained in micromoles: TPhos-
phoglyceric acid (PGA) 10; KHCO,, 50 (5 x 10%
cpm) ; 0.4 ml cytoplasmic particles, and 1.0 ml super-
natant enzymes in 200 micromoles potassium phosphate
pH 7.2. Total volume 3.7 ml. Reaction time as indi-
cated at 25C.
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when 3-phosphoglycerate is provided as the 3-carbon
unit. This demonstrates that the extracts can inter-
convert 3-phosphoglycerate and phosphoenol-pyru-
vate, presumably through the action of 3-phosphogly-
ceric acid mutase and enolase.

In the presence of ATP, phosphoenol-pyruvate is
produced from oxalacetate by phosphoenol-pyruvate
carboxykinase in the preparations (6). When such
preparations were incubated with oxalacetate and
ATP32 (produced by photophosphorylation by spin-
ach chloroplasts) both P32 labeled phosphoenol-pyru-

Table II

Formation of 1,3-Diphosphoglyceric acid From
3-Phosphoglyceric Acid

Time (min) (1:] iéoﬁﬂieg 0.D.,,, (1,3-diPGA)
0 50 0.000
10 50 0.051
20 50 0.088
30 50 0.111
30 0 0.00
30 10 0.018
30 50 0.097
30 100 0.145
Reaction mixture contained in micromoles; ATP, 10;
MgCl,, 7.5; hydroxylamine (NH,OH). 250; 0.5 ml

supernatant enzymes in 150 micromoles potassium phos-
phate pH 7.2. Total volume 4.0 ml. Reaction time as
indicated at 25C.

vate and phosphoglycerate were detected on chro-
matograms and identified by co-chromatography.
These intermediates, labeled with C'¢, were also
isolated from endosperm tissue which was convert-
ing malate-C'* (produced in vivo by C!'*O, fixation)
to sucrose.

Phosphoglyceryl kinase was demonstrated directly
by incubating aliquots of the soluble fraction with
PGA and ATP in the presence of hydroxylamine (4).
The hydroxamate formed from 1, 3-diphosphoglycer-
ate was estimated spectrophotometrically. As shown
in table II the reaction proceeds at a diminishing rate
with time and is strongly dependent on PGA concen-
tration.

P Triosephosphate Dehydrogenase. Endosperm ex-
tracts brought about a rapid reduction of DPN when
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fructose-1, 6-diphosphate was added, and the presence
of aldolase and DPN-linked triosephosphate dehydro-
genase can be deduced from this. It was of some in-
terest to find that in addition, TPN was reduced under
these conditions and the fact that iodoacetate
(0.01 ») inhibited the reduction showed that a trio-
sephosphate dehydrogenase (rather than a glucose-6-
phosphate dehydrogenase) was responsible (7).
Subsequent experiments with phosphoglyceraldehyde
as substrate have established beyond doubt that both
DPN- and TPN-linked triosephosphate dehydro-
genases are present in this material (table III). This
finding raises the possibility that the TPN-linked

Table III

Pyridine Nucleotide Reduction by Triose
Phosphate Dehydrogenase

Enzyme A O.D.,,,/min AO.D., ,/min
ml TPN Reduction DPN Reduction
0.05 0.009 ..
0.10 0.020 0.06
0.20 0.041 ..
0.20 (Boiled) 0.0 0.0

The reaction mixtures contained in micromoles, tris,
pH 7.2, 100; DPN or TPN, 0.15; phosphoglyceraldehyde,
2; supernatant enzymes solution as indicated and water
to a volume of 3 ml.

enzyme is primarily responsible for the production of
triosephosphate from PGA, as it is supposed to be in
photosynthesis. However, whereas the reaction
1, 3-diphosphoglyceric acid > phosphoglyceraldehyde
can readily be demonstrated with DPNH as the co-
enzyme in our extracts, we have been unable con-
sistently to demonstrate such a reduction with TPNH.
It will be recalled that an arsenate requirement (im-
plying reversibility) became evident only during the
later stages of purification of the spinach enzyme
(11) and also that a non-reversible TPNH-linked
triosephosphate dehydrogenase has been described
from leaves (2,3). The interplay and significance
of these various enzymes in leaves where they co-
exist is not established. Clearly the demonstration
that TPN is reduced on adding triosephosphate is not
by itself an adequate basis for supposing that the
TPN-linked enzyme rather than the DPN-linked one
is the functional enzyme for the reverse reaction in
the endosperm. The aldolase which is present in the
endosperm is no doubt responsible for the conversion
of triosephosphate to hexose phosphate; the labeling
patterns in glucose produced from acetate (8) and
from glycerol (5) are consistent with such a conden-
sation.

P Sucrose Synthesis From Hexose Derivatives.
Two systems for sucrose synthesis have been elu-
cidated from higher plant tissues. Uridine diphos-
phoglucose-fructose transglucosylase is the enzyme
responsible for one of these reactions and free sucrose

is the end product (9). In the other, uridine diphos-
phoglucose-fructose-6-phosphate transglucosylase pro-
duces sucrose phosphate (12). The first enzyme
was shown to be present by a method based on pro-
cedures of the Buenos Aires group (9) and Turner
(13).

Endosperm material from 4 to 5 days old castor
beans (30 g) was blended with 2 volumes of 0.08 M
KH,PO, and 0.01 M cysteine, pH 7.0. The superna-
tant solution was collected after centrifuging at 18.000
X g for 15 minutes. To 20 ml of this, 80 ml of satur-
ated (NH,),SO, were added dropwise over 2 to 3
hours, with stirring. The precipitate was collected
and dissolved in 7 ml cold water and dialyzed at 3C
for 2 hours against 300 ml 0.025 M potassium phos-
phate, pH 7.0. In the incubation mixture (table IV)
1 ml of the dialyzed solution was used. It is evident
that the added fructose had been converted to sucrose
and a smaller amount of C'* was recovered as free
glucose.

Since labeled fructose-6-phosphate was not avail-
able, a test of similar sensitivity for the uridine di-
phosphoglucose-fructose-6-phosphate transglucosylase
was not possible. It was hoped that by incubating
glucose-C'%, ATP, and uridine triphosphate with the
enzyme, sufficient uridine diphosphoglucose-C** might
be produced to allow the production of sucrose-C'4
with unlabeled fructose-6-phosphate as the glucosyl
acceptor. However, no sucrose-C'* was produced
under these conditions.

Table IV
Sucrose-C14 Production From Fructose-C14
Sugar C4 cpm
Sucrose 49,980
Fructose 71,410
Glucose 2,356

The digest contained, in micromoles, potassium phos-
phate, pH 7.0, 50; cysteine, pH 7.0, 10; fructose-1,6-C4,
10 (3.2 x 108 cpm); uridine diphosphoglucose, 10; su-
crose, 3; and 1.0 ml enzyme (see text) in a volume of
21 ml. The reaction was allowed to proceed for 12
hours under N,. The mixture was deproteinized and the
salts removed with resins. The neutral fraction was run
on chromatograms with ethyl acetate, acetic acid water
(6/2/4 v/v/v) as solvent and the free sugars from a
portion of the chromatogram were eluted and counted.

Discussion

The results presented in this and a previous paper
(6) show that the castor bean endosperm is equipped
with enzymes which, working in sequence, can bring
about the formation of sucrose from malate. The re-
action sequence suggested; (malate > oxalacetate >
CO, + phosphoenol-pyruvate > ---> hexose phos-
phate > sucrose) is consistent with previous observa-
tions on the utilization of individual carbons of acetate
and malate during sucrose formation by intact tissues

(8).
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The enzymes of the conventional Embden-Meyer-
hof-Parnas sequence of glycolysis are present. The
functioning of this pathway in reverse would require
the provision of ATP and reduced nucleotide as well
as phosphoenol-pyruvate. The concomitant reactions
of B-oxidation of long chain fatty acids are believed
to be the source of this assimilatory power. Al-
though a TPN-linked triosephosphate dehydrogenase
is present in the endosperm tissue, we have no evi-
dence that this enzyme, rather than the DPN-linked
dehydrogenase, participates in the reductive step dur-
ing sucrose formation from phosphoenol-pyruvate.

Summary

» 1. Evidence is presented that the following en-
zymes are present in the endosperm tissue of germi-
nating castor beans: 3-phosphoglyceric mutase,
enolase, phosphoglyceryl kinase, DPN- and TPN-
linked triosephosphate dehydrogenases, aldolase. and
uridine diphosphoglucose > glucose transglucosylase.
P 2. These enzymes, acting in the presence of ATP
and reduced nucleotide generated during fatty acid
oxidation are believed to be responsible for the for-
mation of sucrose from phosphoenol- pyruvate, which
is itself produced from oxalacetate by phosphoenol-
pyruvate carboxykinase.

Literature Cited

1. Arwnon, D. L
of green plants.

1952. Glyceraldehyde dehydrogenase
Science 116: 635-657.

2. ArNoN, D. 1., L. L. RosexBERG, & F. R. WHATLEY.
1954. A new glyceraldehyde phosphate dehydro-
genase from photosynthetic tissues. Nature 173:
1132-1134.

3. AxerLrop, B.,, R. S. Baxpurski, C. M. GREINER, &
R. JanG. 1953. The metabolism of hexose &
pentose phosphates in higher plants. J. Biol. Chem.
202: 619-634.

4. Axerrop, B. & R. S. Banpurskr. 1953. Phospho-
glyceryl kinase in higher plants. J. Biol. Chem.
204 : 939-948.

5. Beekvers, H. 1956. Utilization of glycerol in the
tissues of the castor bean seedling. Plant Physiol.
31: 440-445.

6. Benepict, C. R. & H. Bervers. 1961. Formation
of sucrose from malate in germinating castor beans.
I. Conversion of malate to phosphoenol-pyruvate.
Plant Physiol. 36: 540-544.

7. Bexepict, C. R. & H. Beevers. 1961. TPN-linked
glyceraldehyde phosphate dehydrogenase in a non-
photosynthetic plant tissue. Nature 191: 71-72.

8. Caxvin, D. T. & H. Beevirs. 1961. Sucrose syn-
thesis from acetate in the germinating castor bean:
Kinetics & pathway. J. Biol. Chem. 236: 988-993.

9. Carning, C. E, L. F. LELoIr, & J. CHIRIBOGA. 1955.
The biosynthesis of sucrose. J. Biol. Chem. 214:
149-155.

10. Giess, M. 1952. Triosephosphate dehydrogenase &
glucose-6-phosphate dehydrogenase in the pea plant.
Nature 170: 164-165.

11. Gises, M. 1957. TPN-Triosephosphate dehydro-
genase from plant tissues. In: Methods in En-
zymology, S. P. Colowick & N. O. Kaplan, eds.
Vol. T 411-415. Academic Press.

12. ILeLor, L. F. & C. E. Caroixr. 1955. The bio-
synthesis of sucrose phosphate. J. Biol. Chem.
214: 157-165.

13. Turx~er, J. F. 1957. The biosynthesis of sucrose.
Biochem. J. 67: 450-456.



