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Since, however, cut D in Fig. 1 contains one of the stronger bands, larger amounts
of plasma would need to be applied to the gel for accurate estimations in this way
of the weaker bands. Fortunately, however, certain estimations such as immuno-
logical tests in gels® or scintillation counting for radioactivity are unaffected both
by the considerable quantities of soluble starch or the much lower amounts of protein
derived from the gel which are present in the eluates made as described above. If
necessary soluble starch can be eliminated from the eluate by chromatography on
Dowex-2 by the method of DE PAILLERETS ¢f al.”.

ACKNOWLEDGEMENTS

I am gratetul to Dr. S. CoHEN who carried out some of the initial experiments and
to Mr. L. AsseEmaKIs for criticism and skilled technical assistance.

REFERENCES

1 A. H. Gorpon, B. KeirL, K. Sepesta, O. KNEssL anp F. Sorm, Collection Czechoslov. Chem.
Commun., 15 (1950) 1.

2 Q. SMmITHIES, Biochem. J., 61 (1955) 629.

3 F. JARRIGE AND P. LAFOSCADE, Bull. soc. chim. biol., 40 (1959) 1197.

1 J. MoreTTI, G. BOUSSIER AND M. F. JAYLE, Bull. soc. chim. biol., 40 (1958) 59.

5 0. H. Lowry, N. J. RosEBROUGH, A. C. FARR AND R. J. RANDALL, J. Biol. Chem., 193 (1951)
265,

8 (). QUCHTERLONY, Acta Path. Micvobiol. Scand., 32 (1953) 231.

7 C. pE PAILLERETS, J. MoRETTI AND M. F. JAYLE, Bull. soc. chim. biol., 41 (1959) 1285.

Biochim. Biophys. Acta, 42 (1960) 23-27

D-THREOSE 2,4-DIPHOSPHATE INHIBITION OF
3-PHOSPHOGLYCERIC ACID PHOTOREDUCTION BY A
SONICALLY RUPTURED SPINACH CHLOROPLAST SYSTEM
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SUMMARY

1. [1-4C]PGA is readily reduced by a sonically ruptured chloroplast system in
light. This reduction is inhibited by threose 2,4-diphosphate.

2. PGA accumulates when #CO, is incubated in light with the sonically ruptured
chloroplast system in the presence of threose 2, 4-diphosphate. This indicates that PGA
is in the major pathway of photosynthetic CO, fixation in the system.

3. Threose diphosphate inhibition of the total CO, fixation by the carbon cycle
of sonically ruptured spinach chloroplasts is not due to inhibition of carboxydismutase,
but due primarily to inhibition of triose phosphate dehydrogenase which in turn limits
the formation rate of the photosynthetic carbon cycle CO, acceptor, RuDP.

* Present address: de la Reystraat 2, Den Helder, The Netherlands.
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INTRODUCTION

The first stable intermediate formed by ™CO, fixation in illuminated photosynthetic
systems is PGA! Recently, an alternative path has been suggested for photosyn-
thetic CO, fixation which does not involve PGA 2 In this suggested path, carboxylation
of RuDP yields a six carbon branched chain acid which subsequently rearranges with-
out cleavage to PGA, to form a six carbon chain directly. If it were possible to block
the reduction of PGA to triose in the photosynthetic carbon cycle, then it should be
possible to observe whether CO, still flows into the cycle via some pathway other than
that involving PGA.

Recently threose 2,4-diphosphate was shown to inhibit specifically muscle and yeast
triose phosphate dehydrogenase having DPN as a cofactor3-*. This inhibitor has a K;
of 2-1077 for the oxidation reaction. The reduction reaction is less sensitive to the
inhibitor, a concentration of about 2-10-% M yielding 50 %, inhibition. The inhibition
of the enzyme is apparently due to the similarity of the threose diphosphate and
1,3-diphosphoglyceric acid molecules. It was of interest to determine whether threose
diphosphate would also inhibit triose phosphate dehydrogenase in a TPN requiring
photosynthetic system. Such an inhibition would then make it possible for PGA
to accumulate when CO, was photosynthetically fixed in the presence of threose
diphosphate. Since the photosynthetic carbon cycle involves a number of enzymic
steps other than triose phosphate dehydrogenase, it was of interest to find whether
some of these other enzymes were also inhibited by threose diphosphate. The experi-
ments reported in this paper were done with a spinach chloroplast system since phos-
phorylated intermediates such as PGA and threose diphosphate do not readily pene-
trate intact cells. Whole chloroplasts were also found to be somewhat impermeable
to the phosphorylated substrates and cofactors used in these experiments, confirming
the observations of ToLBERT®. We found that sonic rupture of whole chloroplasts
removed the permeability barrier and increased the rate of CO, fixation on a unit
chlorophyll basis. Sonically ruptured chloroplasts proved more suitable for these
experiments than either whole or broken chloroplasts as prepared by ARNONS,

PROCEDURES

Whole chloroplasts were prepared from the leaves of Spinacea oleracea by grinding in
0,5 M sucrose buffer and were purified by fractional centrifugation according to the
method described by HoLm-HanseN ef al”. The whole, washed chloroplasts were
resuspended in about 2o times their own volume of 10=* M potassium phosphate
buffer, pH 7.4. The chloroplast suspension was then sonically ruptured at o° for go sec
in a g ke, 100 W Raytheon magnetostriction oscillator operated at full voltage. The
sonically ruptured suspension was used directly in the experiments. Investigation of
this material with the light microscope showed no intact chloroplasts, and only a few
large chloroplast fragments. Chlorophyll concentrations in the sonically ruptured
suspension were determined spectrophotometrically in 809, acetone according to
ARNONS.

Abbreviations used: ADP, adenosine diphosphate; GSH, glutathione; HOAc, acetic acid;
PEP, phosphoenolpyruvate; PGA, 3-phosphoglyceric acid; RuDP, ribulose 1,5-diphosphate;
SAS, saturated ammonium sulfate; TPN, triphosphopyridine nucleotide; TPP, thiamine pyro-
phosphate; Tris, tris(hydroxymethyljaminomethanc; DPN, diphosphopyridine nucleotide.
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The organic cofactors and metal cofactors were prepared separately and titrated
to pH 7,4. The photosynthetic reactions were run at 24° and 1000 foot candles in
airtight 35-ml flasks. The total reaction mixture volume was about 1.5 ml and con-
tained about 1 mg of chlorophyll.

After 30-min incubation the enzymic reaction was stopped by addition of 4 ml
of ethanol to the reaction mixture. The precipitate was then extracted with 209
ethanol, 1009, ethanol and water successively. The extracts were pooled giving a total
volume of ~ 10 ml. A small aliquot was acidified and placed on an aluminum planchet
for assay of the total radioactivity in the reaction mixture. Another aliquot was
applied to the origin of a paper chromatogram.

Two dimensional chromatography of the photosynthetic products and counting
of the radioactive areas on the chromatograms was carried out according to the methods
described by BassHaMm and CALVINT.

Carboxydismutase was prepared from Tefragonia expansa chloroplasts. These
were prepared in 0.5 M sucrose and suspended in dilute buffer according to the method
of 5060 et al.%. Carboxydismutase was obtained by ammonium sulfate fractionation of
the clear supernatant (termed “‘chloroplast extract” in ref. g) obtained from centri-
fugation of the chloroplast suspension. The procedure of Mayaupon!?, normally used
for the partitial purification of the crude extract of Tetragonia expansa, was modified
for fractionation of the chloroplast extract, the material precipitating between 0.34
to 0.49 SAS being chosen for use in these experiments.

Carboxyl-labeled PGA was prepared by incubating RuDP with NaH*CO, in the
presence of carboxydismutase® and Mg++ (see ref. 12, 13). The reaction mixture con-
sisted of 12.7 uM NaHCO; (300uC), 120 ud MgCl,, goo pM Tris at pH 8.3, approx-
3 pM RuDP, and 1.4 mg of enzyme preparation. The final volume of the incubation
mixture was 2.25 ml. Incubation was carried out at room temperature for zo h. The
yield of radioactive PGA was about 1.5 uM, or 50 ¢, of the theoretical value. The
[1-1*CTPGA was purified by chromatography on washed No. 4 Whatman paper using
a butanol-propionic acid-water system. The [1*C]PGA was located by radioautog-
raphy and was recovered by elution. The eluate was taken to dryness and redissolved
in 0.5 ml of 0.0402 N NaH*?*CO,.

D-threose 2,4-diphosphate was generously provided by Dr. BarLou and Dr. Fru-
HARTY of the University of California Biochemistry Department.

EXPERIMENTAL RESULTS AND DISCUSSION

Preliminary experiments were done in which [1-*C]PGA was incubated with the soni-
cally ruptured chloroplast system in light and dark with the cofactors given in Table I.
Chromatograms from this experiment (Fig. 1) showed that reduction of [1-¥C]PGA
to triose phosphate in this enzyme system is a light dependent process. In the dark
[1-14C]PGA is not reduced. This accounts for the relatively large amounts of glyceric
acid and alanine in the dark experiment. When [1-1*C]PGA reduction was established
as a light dependent process in the system, threose diphosphate inhibition of spinach
chloroplast triose phosphate dehydrogenase was investigated by incubating [1-4C]PGA
with sonically ruptured spinach chloroplasts in light in the presence and absence of
threose 2z,4-diphosphate. The reaction mixtures for this experiment are given in
Table I. After two dimensional paper chromatography of the reaction mixture extract
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b

Fig. 1. Chromatograms of extracts from sonically ruptured spinach chloroplast systems incubated
with {1-¥*C]PGA in light and dark.
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TABLE I

DISTRIBUTION OF 1C aMONG PGA, THE MONOPHOSPHATE SUGARS AND DIPHOSPHATE SUGARS
WHEN [1-4C]PGA IS INCUBATED WITH AND WITHOUT THREOSE DIPHOSPHATE IN
AN ILLUMINATED CHLOROPLAST SYSTEM

Each reaction mixture contained (amount in uM) MgCl, 4.0, MnSO, 1.6, ADP 1.0, TPN o0.02,

TPP 1.4, ascorbate 2.5, GSH 1.3, NaH!2CO, 4.0, fragmented chloroplasts 1 ml, [1-1¥C]PGA

1,200,000 counts/min or approx. o.r uM. Threose 2,4-diphosphate o.12 (present only in one
reaction mixture). Total volume 1.275 ml.

Counts{min on chromatogram

— Threose diphosphate + Threose diphesphate

Total 27,000 23,000
PGA 5,800 12,100
Monophosphates 7,300 1,900
Diphosphates 3,100 8oo

and location of the 4C containing spots by autoradiography, the activity of the PGA
area was compared with the activity of mono- and diphosphate sugar areas. The results
of this experiment are given in Table I. The presence of 10~¢ M threose diphosphate
increased the ratio of PGA activity to the activity of the mono- and diphosphate sugar
areas which would be expected if triose phosphate dehydrogenase were inhibited
during operation of the photosynthetic cycle.

A second experiment was done in which 1#CO, fixation was studied in the presence
and absence of threose diphosphate. The reaction mixtures were identical to those
given in Table I except that 4 uM NaH"CO, (100 uC) were substituted for the [1-14C]
PGA. The results of this experiment ware given in Table II. Again there is an increase
in the ratio of PGA activity to phosphorylated sugar activity in the threose diphos-
phate inhibited system.

The similarity between chromatograms of extracts from H*CO4~ and [1-“C]PGA
incubated systems indicates that PGA is readily assimilated into the 14CO, pathway

TABLE II

DISTRIBUTION OF 1C aMoNG PGA, THE MONOPHOSPHATE SUGARS AND DIPHOSPHATE SUGARS
WHEN H14C03" IS INCUBATED WITH AND WITHOUT THREOSE 2,4-DIPHOSPHATE IN
AN ILLUMINATED CHLOROPLAST SYSTEM

Each reaction mixture contained (amount in uM) MgCl, 4.0, MnSO, 1.6, ADP 1.0, TPN 0.02,
TPP 1.4, ascorbate 2.5, GSH 1.3, NaH¥CO, 4.0(100 xC), sonically ruptured chloroplasts 1 ml.

Counts{min on chromatogram per aliquot

— Threcse diphosphate + Threose diphosphate

Total 230,000 98,000
PGA 93,000 60,000
Monophosphates 53,000 8,200
Diphosphates 23,000 7,000

Total counts fixed in the reaction mixture

Light 16,000,000 5,800,000
Dark 130,000 110,000
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of the photosynthetic carbon cycle. The qualitative and quantitative similarity in the
effect of threose diphosphate inhibition of the two systems further indicates that PGA
is a real and major intermediate in the photosynthetic carbon cvcle. While these ex-
periments show that “CO, photosynthetically fixed by a chloroplast system flows
through PGA, they do not settle the question of whether the other three carbon
fragment resulting from cleavage of the RuDP carboxylation product is also PGA14,

An interesting feature of Table IT is that the light fixation of 1*CO, in the presence
of threose diphosphate is about one-third of the control fixation. Inhibition of any of
the enzymic steps of the photosynthetic carbon cycle to a rate limiting level would be
expected to reduce the total HCO, fixation by the cycle. The location of threose di-
phosphate inhibition in the photosynthetic carbon cycle of spinach chloroplast frag-
ments is shown in Table I to be at least in part at triose phosphate dehydrogenase.
There is the possibility that 10-* M threose diphosphate may also be allecting the
rates of other photosynthetic carbon cycle enzymes. Inhibition of most of these
enzymes would limit the rate of formation ol the acceptor molecule for CO, fixation,
RuDP. Inhibition of carboxydismutase, however, could also involve direct inhibition
of 1CO, entry into the cvcle rather than just limitation of ribulose diphosphate
formation.

It was of interest for this reason to test the effect of threose diphosphate on car-
boxydismutase activity both in the crude spinach preparation and in a purified
enzyme system isolated from Tetragonia expansa. The reaction mixtures and results
for these experiments are given in Fig. 2 and Table I1I. These data show that 1o=* M
threose diphosphate has no effect on the carboxydismutase of the crude system, and
inhibits the purified system, by only 15 %,

This result indicates that 10-* M threose diphosphate inhibition of *CO, fixation
by this system is not due to inhibition of carboxydismutase which would prevent
entrv of CO, into the cycle, but is primarily due to inhibition of triose phosphate
dehydrogenase. The possibility of non-rate-limiting inhibition of some other enzymes
acting between triose phosphate and ribulose diphosphate is not, however, ccxluded.
o o
0+ THREOSE DIPHOSPHATE (FINAL CONC ~10 M),
30r O- THREOSE DPHOSPHATE

R —

Fig. 2. The time course of HCO, fixation by car-
boxydismutasc in a sonically ruptured chloroplast
system with and without threose diphosphate. FFach
. reaction mixture contained 4.0 uM NaHMCO, (100
nCy, 0.2 uM RuDP and 1 ml of sonically ruptured
g © chloroplasts in 10-% M potassium phosphate (pH 7.4)
containing o0.59 mg of chlorophyll. Mgt+, Mnt+,
ADP, TPN, TPP, ascorbate and GSH concentrations
arc given in Table I. The reaction mixtures minus
NaHMCO, were preincubated for 1 min at room
© temperature after which the bicarbonate was added.
Or o 1 The reaction mixtures were shaken in the dark for
the prescribed time at 24° in air tight 35-ml vessels.
HCO, fixation by the same enzyme system minus
RuDP in light was 21-10% counts/min/mg chloro-
phyll/30 min incubation without threose diphos-
o 0 20 30 phate and 7.4-10% counts/min/mg chlorophyll/3o
min incubation with 10-4 M threose diphosphate.

201 1

a0
on

counts,/min/mg CHLOROPHYLL /30 min INCUB (IN MILLIONS)

TIME (MINUTES)

The data plotted in Fig. 2 also show that the carboxydismutase rate observed
during the first 2 min of the assay is sufficient to account for the rate of 1#CQ, fixation
observed in the light sample.
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TABLE III
THE INHIBITION OF PURIFIED CARBOXYDISMUTASE BY THREOSE DIPHOSPHATE

To each reaction mixture were added, in the order listed, the following: water or threose diphos-

phate solution to make 0.20 ml final volume; NaH¥CO,, 1.35 ud; MgCl,, 2 M ; Tris at pH 8.3,

15 uM ; carboxydismutase, 23 ug; and RuDP, approx. 0.07 uM. The enzyme was preincubated

with the inhibitor, bicarbonate and Mgt+ at 25° for 2 min. At the end of this period, the incubation

was started by adding RuDP. The reaction mixture was incubated for 1o min at 25°. The reaction
was stopped with 50 ul 6 N HOAc. A 10-ul aliquot was plated and counted.

Threose diphosphate  Countsjmin)ro pl Percent
final cone (M) aliquot nhibition
o) 16,000 —_
8-10-6 15,000 6
81075 14,000 15
8-107¢ 7,600 53
ACKNOWLEDGEMENTS

The work described in this paper was sponsored in part by the United States Atomic
Energy Commission and in part by the Department of Chemistry, University of

California, Berkeley, Calif. (U.S.A.).

REFERENCES

1 §. A. BassuaM AND M. CaLvIN, The Path of Carbon in Photosynthesis, Prentice-Hall, Inc.,
Englewood Cliffs, New Jersey, 1957.

2 . KANDLER, Z. Naturforsch., 12b (1957) 271.

3 E. RackeR, V. KLyBas AND M. ScHrAMM, [. Biol. Chem., 234 (1959) 2510.

4 A. FLuaarty axp C. Barrou, J. Biol. Chem., 234 (1959) 2517.

5 N. E. ToLBERT, The Photochemical A pparatus, Its Structure and Function, Brookhaven Symposia

in Biology, No. 11 (1958) 271.
8 F. R. WHATLEY, M. B. ALLEN, L. L. ROSENBERG, J. B. CAPINDALE AND D. I. ARNON, Biockim.

Biophys. Acta, 20 (1956) 462.
7 (). HoLM-HanseEN, N. G. Pox, K. NisHIpa, V. MosEs anD M. CarLviN, Physiol. Plantarum,

12 (1959) 475.
8 I. I. ARNON, Plant Physiol., 24 (1949) 1.
9 P. B. S0Go, N. G. Pox aND M. CALVIN, Proc. Natl. Acad. Sci. U.S., 43 (1957) 387.

10 3. Mavaupon, A. A. BENsoN aND M. CALVIN, Biockim. Biophys. Acta, 23 (1057) 342.

1 J. R. QuayLg, R. C. FULLER, A. A. BENsON aAND M. CALVIN, J. Am. Chem. Soc., 76 (1954) 3610.
12 A. WErissBacH, B. L. HORECKER AND J. Hurwirz, J. Biol. Chem., 218 (1956) 795.

13 3V. B. JakoBy, D. O. BRUMMOND AND S. Ocno4, J. Biol. Chem., 218 (1956) 811.

14 M. CALVIN AND P. MassiNi, Experientia, 8 (1952) 445.

Biochim. Biophys. -lcta, 42 (1960) 27-33



