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J. A. BASSHAM, MARTHA KIRK, AND R, G, JENSEN

Chemical Biodynamics Division, Lawrence Radiation Laboratory, University of

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

(Received - ' )

ABSTRACT .
The diffusion of t4C and'szp-labeled photosynthetic intermediate compounds
~ from isolated chloroplasts has been ihvestigatéd. Thoée intermedigte compounds
of the phétoSynthetic carbon reduétion cycle lying between the carboxylation |
reaction and fhe diphdsphatase'reaction were found to diffuse rapidly from the
chloroplast to the suspending medium. In contrast, those intermediates lying
between the diphosphatase reaction.and the carboxylation.reactioh, with the ex-
ceptibnvogfgzntose monophosphates, tend to be retained by the chloroplhsts
'Téuring the 15 minutes or more when the photosynthesis of carbon dioxide by the -
isolated éhloropi;sts is most-éétive. An experiment in which changes in théﬁlcvei':
- of ATP were observed oh addition of carbon dioxide'shdws that ATP and'ADP,
which had diffdsed from the chlorbplasts, can apparentiy re-enter the chloro-. "t
plasts and be(ﬁsed metabolically. It is probosed that the diphosphatase re- .

action plays a general role in metabolic regulation in blosynthesis as well as

in the light-dark transition,

*

R. G. J. is a NIH Postdoctoral Fellow No, 2-F2-CA-25, 833-02 of the National
Cancer Institute. Present address: Department of Chemistry, University of

Arizona, Tucson, Arizona.
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In a previbus reportl we described conditions for obtaining high rate$=
of photésynthesis with isolated chloroplasts. 'it was apparent in these
studies ;Hat the labeling of certain intermediates of the carbon.fedﬁction
cycle, particularly'3-phosphoclyceric acid , ,,ldihydroxvacetone phosphate , -
, . fructose-1 , 0~ dlphosphate (Fru-1,6- Pz), sedoheptulose -1,7-diphosphate
(Sed -1,7-P,), and ribose-5-phosphate (Rib-5-P), were unusually heavily labeled.

with 14

of 14

C following photosynthesis by the isolated chloroplastS'ln the presence
€o,, as compared with the amount of labeling seen with whole spinach -
..leaves photosynthesizing in the presence of 14COZ. |

On the basis of data obtained from labeled compounds in ''chloroplasts'
isdlated by the non-adueéus technique from Elodia after iﬂ_!izg_photosynthesis
with 14C02, Héb¢r2 concluded that 3-phosphoglyceric acid and either dih}droxy~» 
acetone phosphate or Fru-l,6;P2, or both, funétion as transport metabolites “
during photosyhthesis. Also, ATP and ADP were répérted to.be rapidly- trans-

located between chloroplasts and cytoplasm of the leaf cell.3

S

The non-aquéous'
isolatioﬁﬁtechnique produces particles which have lost the:integrity of thenoﬁter u‘:
" membrane éqg_have.apparently'lost some components sinée they no lohger photo} -
synthesize. Also, tﬁe cytoplasmic fraction iﬁéludes considérablc ﬁateriai
from the chioroplaSts. Hence certain assumptions must be made in arriving at
the conc1u51ons about metabolite dlstrlbutlon. For ekample; the material lost
from the chlordplasts may not be qualltatlvely the saMe as that retained,
Until the achievement of high rates of photosynthegls with isolated

1 it has not been possible to carry out

chloroplasts with intact membranes,
satisfactory studies of metabolite transﬁort from chloroﬁlasﬁs_ig_ziggg, Ourl
preliminary studies4 of'the'distribution of photosynthetic intermediate com-
pounds between the chloroplasts themselves and the medium in which they are

suspended showed that several intermediate compounds rapidly diffuse or are
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transported from the chloroplasts to the suspending medium, vIn.contrast, the
hexose and heptose monophosphates are very welllretained in the chloroplasts
dﬁring the first few minutes of photdsynthesisvwhen the rate of photosynthesis_':
vis most active, - It was also found that glycolic acid is rapidly transported
from the chloroplast to the suspending medium. These studies have Béen ex-
tended in the present report in order to obtain a picture of ‘the distribution
of the individual compounds between the chloroplasts and the suspending medium .
as a functlon of time of photosynthesis.

In another experiment, 32p has been introduced in order to ascertain the
distribution of ATP between the 1solated chloroplasts and their medium. In
this experiment, the chloroplasts were first deprived of CO,.in order to build
up a high level of labeled ATP, and then carbon dioxide was added to see what - o
effect this would have on the level of ATP, both within and outside the

chloroplasts.

CEXPERIMENTAL

Chloroplasts were isolated from freshly‘grown spinach accdrding to the'v
methods describedi*-'earlier.l The 1eaves'uséd for the experiménts were four to
six Qeeks old. Tﬁe chloroplasts were suspended in the usual assay medlum.l.

The total volume of the susoen51on in the flrst experiment was 1.5 ml cén-
talnlng chloropiasts w1th 0. 213 mg chlorophyll. ‘The fﬁaskscontalnlnq the chloro-
plasts were momnted on a shaklng frame which 1mparted a: swlrllno motion to the
chloroplast suspensmn,1 and were first- pre 111um1natcd %or three minutes with-.
| out added €O, or blcarbonate. -NaH14CO3 solutlon was thenﬁadded to make the
solution 0,01 M in'bicérbonate ion with a specific activity of 35.2 uC/uMe
| Froﬁjtimélto time5 1OO ul samples were.withdrawn from the flask and subjected

to cenffifugation with a Spinco microfuge to separate the chloroplasts as a



-4 : . ~ UCRL-17618

pellet from the suspending medium, Pellet and superhatant éolutiens were
separated and killed with 80% methanol as quickly as rossible. The entire
operation, withdrawing the sample, centrifuging, and kllllng,rvnuxred 30
seconds,

We recognlzed that thls period of time is long enough for metaholic changes
characterlstlc of light-dark transients to take place. Therefore, additional
"unsepardted 50 ul samples of chloroplasts were taken and killed directly. The
labeling of a compound isolated from these unseparated samples can be compared
with the sum of the 1abeling.of the same cdmpound from separated chloroplasts
- and medium. This comparison giVes a measure ef the change which occurred
~during the separation of chloroplasts from medium,

The mixtures of ﬁethanol, water, and chlbroplasts or suspending medium
were analyzed by two-dimensional paper chromatography and radioautography as
described eariier.s ‘The amount of 14C in each compound in each sample in the
pellet and in fhe supernataht solution was determined as a.function of time

t

of sampling.

b

In a second experiment, chloroplasts were isolated and preilluminated as

-<

just described. However, 32P labeled phosphate was added at the beginning of

d 14C labcled bicarbonate was added after 4

the pre- 111um1nét10n perlod an,
minutes of pre- illumlnatlon with the radlophosphorus. One sample was taken
just before the’ addltlon of 14COZ, and other samples were taken periodically

after the addi@ion'oﬁ bicarbonate.
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RESULTS

The laheling with 1 C of intcrmediates of the carbon reduction cycle of
photosynthesis and of glycolic acid in pellet and supernatant solutions in

14

the first experiment are shown in Figures 1 through 9. In each case the ~ 'C-

| labeling of the compound found in the supernatant solution is indicated by

14

open circles and the ~ 'C-labeling of the compound found in the pellet is indi-

14C-1abe1ing of the compound.found in the samples .

~ cated by black dots. The
‘where the chloroplasts were not Separated from the supernatant solution prior
_to killing are indicated by the squ.ares.

In most cases theAlabeling of a given compound found in the sample which
was not separated is roughly the sum 6f the labeling found in the pellet and‘
supernatant curves. lowever, th¢ Sed-l,?-P2 and Fru-1,6-P, labéling was higher
in the samples which were not separated than in' the sum of‘the pellet and
superhaﬁant. At the'same time, the labeling of dihydroxyacetone phosphatevwas
lower in the unseparated samplé than the sum.ofvits labeling,in pellet and
supernatant. Thus it appears that some Sed- 1,7~ Pz and some Fru-1, 6~ -P, were

dihydroxyacetone phosphate
converted to A during the ccntrlfuoatlon. The level of ribulose-1,5-
diphosphate (Ru-l,S-PZ) also apparently dropped during‘thg centrifugafion, -
presumably due té thé continued carboxylation reaction, These changés, how- -
Aever, do not afféct greatly the general conclusions which can be drawn from J
the pellet-sup%&nétant curves. , | i |

4

As noted@in earlier studies,’ several intermediate%iof the carbon cycle

and the‘glyéoiic acid are found very predominantly in the supernétant solution;
indicating that they are not well retained in the ﬁelleti Most'mérkeQ'among
these' compounds are 3-phosph6glyceric acid (Fig. 1), dihydroxyacefone phosphate
- (Fig. 2), and Fru-1, 6~P r(Fng 3) "Also the total ‘pentose ‘monophosphates. |
(Tlg. 4) Sed-1,7-P, . (Fig. 5), and glycolxc aC1d (Flg. 9) are found predomi- a

nantly in the supernatant solution,
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14C-labeled fructose-6-

In contrast to‘the,compounds just mentioned,'the
- phosphate (Fru-6-P) (Fig. 6) and sedoheptulose-7-phosphate (Sed-?-P) (Fig. 7)
are'(ound predominantly in the pellet. Ru-1,5- -Py (Fig. 8) is about eoually :
dlstrlbuted between pellet and supernatant solutlon. In other earller<exper1-.-
ments the Ru-1 S-Pz was found predominantly in the pellets, In this experi-l
'ment, as already mentloned “the level of Ru-1,5- Pz was much higher in the en-
separated samples, and it is reasonable to suppose that most of this extra
Ru-1,5-P, yhlch-was converted during the centrifugation was in the pellet.

In order to_obtain a better idea of the rate of formation of 1abelea com- .
pounds, we took the slope of the various labeling curves for pellet and super-
natant and unseparated samples at 3 mlnutes after addition of 14C and during |

14C.

the perzod between 5 and 10 minutes after addltlon of These rates are

llstedv;n Table I.

The results of another experiment, in which both 32

P and 14C,were used,j
are shown in Figures lO.and 11. Again, open circles_represent laneling of com-
'pounds in the solution and black dots represent labeling of;compounds found‘in' :
the pellet. It is apparent that both ATP (Fig. 10) and ADP (Fin, 11) rapidlv
diffuse between the pellet and the supernatant solutlon. When H14C03 is added-

to prelncubated chloroplasts which were deprived of blcarbonate, the level of

ATP drops prec1pltously in both chloroplasts and superhatant solution,

DISCUSSION

i

From the éistribution'of labeled CompoundS‘between chloroplasts and the
vsuspendlng medium, shown in Flcures 1 through 9, a general pattern emerges.

| Compounds lylng between the carboxylatlon reaction of nhotosynthe51s and the

dlphosphatase reaction are readily released from the chloroplast into the super- |

natant solution. Compounds which lie between the diphosphatase reaction and

®
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'

the carboxylation reaction seem to be much better retained in the chloroplasts,
except for the pentose monophospnates,

One possible explanation of the obsarved differential movoﬁent of photo-
synthetic intermediate compounds from isolated spinach chloroplasts to the
medium may be found in the control of the flow of carbon from the cycle iﬁto
biosynthetic pathways. The absence of formation of significant amounts of

labeled amino acids and fatty acids or fats in studies so far with isolated

1 .
chloroplasts photosynthesizing with 14C02 suggests that some of the conversion

" of intermediates of the carbon reduction cycle to other metabolic intermediates

required for synthesis of macromolecules in the chloroplasts may occur outside
AR .

“the chloroplasts, Thus the flow of certain intermediate compounds of the photo-

synthetic carbon reduction cycle from the isolated chloroplasts to the medium

may reflect, possibly'in an exaggerated way,‘a-nonmal in vivo flow of these

same intermcdiafe cbmpounds to the cytoplasm for subséqUent.steps in biosynthesis,:
g?u-6-P is the'biosynthetic.starting point for thé synthesis of most carbo- .

hydrates in the chloroplasts. 'Fru-l,G-Pz, as well és dihydréxyacetone phosphate,

and 3-phosghog1yceric acid, could supply carbon for glyCOIYSis and for the bio-

synthesis of amino acids and proteins, fatty acids, glycerol phosphate and

fats, and various other products required for cell growth‘and division (see

Fig., 12). ; '

;kineticsvof the tran-

In vivo studies with Chlorella pyrenoidosa of the

sient changes ih levels of intermediate compounds of‘phétosynthesis'from light

61

to dark to light have led to the following conclusions:” 1) There is a rapid

~ interaction of intermediate compounds of the photosynthetic carbon reduction

cyclé with intennediate.compounds'of gl?colysis. 2) There is a light activa-l;

“tion of the hexose diphosphatase enzyme responsible for the removal of the

\phosphétc group on the number one carbon atom of Fru-1,6-P2 and Sed-1,7-P,

(D-fructose-1,6-diphosphate-1-phosphohydrolase, 3.1.3.11), with this' enzyme
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becoming inactive in the dark. 3) The carboxylation enzyme (3-phospho-D-
nlyccrate carboxy-lyase, dimerizing, 4.1.1,39) also is light activated, and
bocomcs less active in the dark.

‘Besides the '"'on-off" regulation of these enzymes between light and dark,
there may be a finer regulation of the diphosphatase reactioﬁ which would con-
trol the {low of carbon in the light.from the photosynthetic carbon reduction |
cycle to the biosynthesis of‘ond ptoducts. An additional”possibi;ity is that
'neitﬁer carboxylation reaction nor the diphosphatasevrcaction are fully light
activated in the photosynthesizing isolated chloroplasts. If so, either, or
both, of these key reactions could become rate-limiting in the operation of
the photosynthetic catbon teduction cycle.

_22_2222 studies of photosynthesis inhibited by octanoate5 showed that the

light-dark regulation could be mimicked by a chemical that interferes reversibly
with pﬁotophosphorylation, the diphOSphatase reaction, and the carboxylation
reaction, = | | |

A limited rate for the'diphosohatase step'would be exoeoted to cause a
sllght accumulatlon of the intermediate compounds just nrccedlnq that sten.

: : dlnydroxyacetone phosphate . - '

These are Fru-lié PZ, Sed-1,7-P Pos A K and 3-ohosphoglycera1dehvde. If- these
compounds are ndt retalncd in high concentrations w1th1n the chloroplasts, l
Athey would dlffuse from the chloroplasts to the medlum.

Using the ratio of appearance of labeled comnound in supernatant solution
to appearanceiof labeled compound in the chloroplasts;QS/P as an indicator of.
the degree of differential "export', we see from Table I that this ratlo is bv

dihydroxyacetone phosphate :
Vfar the lﬁrgest for Fru-1,6-P, (35), A (42.5), and 3-phosphog lyceraldehyde.v
However, the value of S/P for Sed-1,7- P2 is only 2.0, This~cou1d be a conse-

quence of the fact that Sed-l,7-12 lies between two reactlons catalyzed by

hexose diphosphatase,: (See scheme in Tlo. 12.)
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Although it has just beén suggested that a rate-limiting nexose diphos-
phatase rcaction may increase the differential movement of some of -the photo-
syﬁthetic intermediate compounds out of the chléroplasts, itvis'clear that
the rate of movement of a given compound’from the chloroplast to the medium
is not simply a function of its concentration in the pellet. Tor examble, at
3 miﬁutes of phoioSynthesis, ihe amount of lébeled Fru-6-P in fhe pellet waé,‘

- 0,05 wmoles 14C, while that of Fru-l,é-PZ was 0.02 umoles 14C. The rate of
appearance of labeled Fru-l,é-P2 in the mediuﬁ was 30 times that of Fru-6-P,

This retention of Fru-6-P, and export of Fru-l,é-P2 seen with isolated

chloroplasts may be similar to, or an exaggeration of, a differential retention
and export from chlofoplastslto.cytoplasm iE.ZiXQ‘ According to this hypothesis,
‘hexose diphosphatase, ig_zi!g, could thus play an important role in the regu-
lation of the flow of carbon from thevphotosynthetic carbon reduction cycle to
biosynthesis of protgin and fat, as compared with-biosynthesis of cérbohydréte._
If utilizatidn in biosynthetic pathways outside thc’chloroplast~is a factor
in whether or‘not any given photosyﬁfhetié carbonncycle intefmediaté compound’
is readily;released froﬁ the cihloroplasts, then the release of'péntOSe mono-
phosphateé may bé explainable in terms of their role inlribonucleotide synthesis,
The possibility that ATP can flow in and out of chloroplaéts was suggested
by in vivo studi;s of the light-dark‘énd'dark-iight fransitioﬁ$.6 It Qas’found‘
“that intermcdiife cqmpounds of photosynthesis and glyéplysis interact,'and that
‘the level of.§§P is maintained in tﬁe dark at a lévél &ombarable to that main-
tained by phqiosynﬁhesis in the light. The present stuéy»shéws that ATP and
ADP can flow in and out of the is61atcd chloroplasts. Tﬁis finding is signifi;
canf in cqnheﬁtion with the conclusions from in vivo expé:;iments6 that thé cz.in:'-j
boxylation reaction is activaﬁed only in thé light. According to the formila-
tién of tﬁe4§ho£6§ynthetic.carbon reduction*cycle7 (seé Fig, 12), only A?P is

required to convert other sugar phosphates ‘to Ribul-l,slpz,;the substrate for
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the carbokylation reaction, . Aduition of.ATP to chloronlasts which already have
a supnly of other sugar phosphates should lead to carboxylation in the dark,
unless the light-activation is required fdr isolated chloroplasts. lhen this
experiment was performed, it was found that no COZ upfake occurred upoﬁ addi- |
“ tion of ATP to the isolated chloroplasts, when other conditions were as described:
. . . . *' .
~in this paper.

In summary, selected interhediqte,compounds of the photosynthetic carbon -
reductién cycle, as well as ATP, are rapidly released from photosynthesizing
isolated chloroplasts to the suspending medium, ATP, at least, can also rapidly *
re-enter the chloroplasts. These results are in general agreement with those -
Treported earlierz’3 from.studies with "non-aqueoﬁs" isolated fractions from
leaves which had:already;photbsynthesized with 14C02. It is proposed that the
rapid flow of ceftain compounds from the chloroplasts is an-indiéation of ‘the
role of these cbmpouhds in‘biésynthetic pathways, which have some steps takiﬁg
pléce in the cytoplasm in vivo. It is further suggested that the diphosphatase
reaction, which.converts Fru-l,64P2 to Fru-6-P, is mediated by an.enzymé which
is regulated to.providé a»controlfof the flow of carbon to proteiﬁ and fat
synthesis !iifgfxig'éarbohydrate synthesis., This regulation would Be in addi-

tion to the preﬁiously prbposed,light-dark regulation.6
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‘Photosynthesis Rates of Product Formation

Compound

-1
ymoles 14 . (mg Chl * hr)

3 min after l4(‘, added

P S

~ Not

7 min after %0 added
p S

Pellet . Super- S/P- Pellet Super- Yot
natdnt separated . natant separated
3-phosphoglyceric) ¢ 3 395 4.8 51,0 330 54.8  51.8
acid e . ! v | _
Total pentose T : N ‘ :
monophosphate - 0.21 1.79 8.5 1.70 0.20 = 2,94 2.70 -
Dihydroxyacetone 23 ; o |
phosphate 0.56  23.8  42.5  21.10 020 14,4 10.4
Glyceraldehyde P -- 1.69 large 1.11 --  1.27 .86
Ribul-1;5-P, 0.07  0.05 0.4 0,45 0.07 0.0  0.17
Glycolic acid 0.71 3.94 5.5 4.65 0,06 4.62. 2.72
Sed-1,7-P, 0.06  0.12 2.0  1.06 0.06 © 0.15  0.64
Fru-1,6-P, 0.9 6.6 35.0  3.90 0,100 7.92 °  6.92
Fru-6-P 0.3 0.7 0.4 2.04 0.73 * 0,27 1.32
Sed-7-P 430 0.27 0,06 4.30 4,33 1.0 4.10
Glucose « ' 6 0.2 5 ' ' -
~ 'monophosphate . 1.5 .O' 1013 2.04 ‘1-98 L0000 .3.46
- Other 0.19 - -~ o= 0.05 = .. --
Total: 16,57 78.28 94,84 11,12 88,50  87.13
Total: Pellet + ' \ : :
Supernatant 94.85° 99.62

il

The figures given for P and S are the slopes of the curves of 14¢ 1abel vs

‘time for each compound, for pellet and supernatant solution respectively, when the

data from which Figures 1 through 9 were derived were plotted on an exbanded scale,

supernatant solution as compared with pellet,

- The ratio S/P gives.the relative rate of appearance of 14C labeled compound in
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FIGURE CAPTIONS

Figs,
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1-9, Distribution of l-ZJ'C-lubeled compounds between chlorbplast pellet
and sﬁpernatant solution during photosynthesis with isolated chloropiasts
in the preéence of 14C-labclcd bicarhonate. Open circles denote e
laseling of compound in supernatant solution, closed circles dehote

14C—labeling of compound found in the pellet, and open squares denote

14C-labe1ing of compound in the samples that were not subjected to cen-

trifugation. The identity of the specific compound is indicated in the

figure,

10. Distribution of 32P?labeling of ATP between peilét and supernatant
solution during photosynthesis with isolated chloroplasts. ‘Open.circles

denote J2P~iabeling of compound in supernatant solution, and closed circles

32

denote ““P-labeling of compound in the pellet.

Fig, 11. Distribution of 32p. labeling of ADP between pellet and supernatant .

Fig.

solution during photosyntne51s with isolated chloroplasts. Opcn c1rcles
denote*szP-labeling of compound in supernatant solution, and ‘closed circles

32

denote P-labeling of compound in the pellet.

12. Photoqynthetlc carbon reduction cycle and formatlon of fats, proteins
and carbohydrates in photosynthe51s. The sites df llght-dark regulatlon6
are shownfby the parallel lines.. Abbrcviatidné' DPT dlnhosphothlamlne,
Fru-6- P fructosc 6- phoquatu, Fru-l »6-Po, fructosé 1,6- dlphosphate°

P, phosphate Pz ase, hexose dlphosphatase Rib=5- P, rlbosc S5-phosphate;
Ribul- -1,5-P,, rlbulose 1, S dlphosnhqtc Sed- 7 P sedohentulose 7-phosn5ate° 

Sed-~1,7- -Py, sedoheptulose 1 7= dlphosnhate.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






