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Sunmnmary. The products oif short time photosynthesis and of enlhanced dark
14CO2 fixation (illumination in helium prior to addition of 14CO, in dark) by
Chlorella pyrenoidosa and Anacystis nidulans were compared. Glycerate 3-phosphate,
phosphoenolpyruvate, alanine, and aspartate accounted for the bulk of the 14C assimi-
lated dturing enhanced dark fixation while hexose and pentose phosphates accounted
for the largest fraction of isotope assimilateed during photosynthesis. During the
enhanced dark fixation period, glycerate 3-phosphate is carboxyl labeled and glucose
6-phosphate is predominantly labeled in carbon atom 4 with lesser amounts in the
upper half of the C6 chain and traces in carbon atoms ; and 6. Tracer spread
throughout all the carbon atoms of photo.synthetically synthesized glycerate 3-phos-
phate and glucose 6-phosphate. During the enhanced dlark fixation period, there
was a slow formation of sugar phosphates which subsequently continued at 5 times
the initial rate long after the cessation of 14C,O2 uptake. To explain the kinetics of
changes in the labelling patterns and in the litmited formation of the sugar phosphates
during enhanced dark C02 fixation, the suggestion is made that most of the reductant
medi,ating these effects did not have its origin in the preillumination phase.

I't is concluded that a complete photosynthetic carboni reduction cycle operates to
a limited extent, if at all, in the dark period subsequent to preillumination.

A current concept of photosynthesis postulates
that a reductant generated in the light mediates the
assimiliation of CO. through the "light independent"
reactions of the reductive pentose ph-osphate cycle.
If this is correct, then it should be possible to
separate the overall process into 2 steps: the gen-
eration of the reductant in the light phase and its
utilization in a subsequent dark period. Calvin and
Bens,on (1, 2) showed that Chlorellat and Scene-
desmus illuminated in an atmosphere of 100 % N2
(preillumination) were able to assiimilate briefly
1' CO. in the subsequent dark period at a rate
higher than that of an unillu.minated sample. From
analysis of the products of this enhanced dark
"4CO2 fixation, which included labeled sugars, they
concluded that both carboxvlation of an accumui-
lated CO2 acceptor and reduction of some of the
subsequently labeled glycerate 3-P to the carbohy-
drate level to-ok place. They postulated the exist-
ence of a long lived reductant that survived into
the dark period. Ba,ssha'm and Kirk (3) have
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reported a rapid and parallel incorporation of
tracer into glycerate-3-P and hexose monophosphate
dulrinlg enhanced (lark '4CO., fixation following a
period of photosynthesis. These workers envisaged
the generation of long lived reducing power along
with ribbulose 1,5-diP during the period of illumina-
tioil ani(I the conversion of -"CO. to carbohydrate
in the dark through the reactions of the photosyn-
thetic carbo-n redtuction cycle, mediated by this
reducing power.

Gaffron and co-workers (4, 5) investilgated the
existence of enhanced dark "+C0O. fixation in pre-
illuminated Scenedesniu1s obliq11uls. However, they
fouind 95 % of the assilmilated tracer to be in the
carboxyl carbons of glycerate 3-P and P-enolpyru-
vate. Hence, they argued that enhanced dark CO,
fixation represenited only the carboxylation of an
accumuilated CO2 acceptor.

In a series of papers, Tamiya, Miyachi, and
co-workers (6, 7) studied the effect of various
oxid.nts upoI the level of enhanced dark 14C0
fixation d(urinig preillumination, and also during the
subsequent dark period. They concluded tha;t the
agenit responsible for enhlanced dark CO2 fixation
was a reductant and designated it as "R". Subse-
quient investigations have not clarified the nature
of "R" nor the mode of its operation.

The exact nature of enhbanced dark 002 fixa-
tion by preilluminated algae remains uncertain.
In this report, the labeled products of enhanced
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(lark 14CO. fixation and photosynthetic '4CO()
fixation by Chlorellai pyrenoidosai and Anacystis
nidulans are co,mpared, as well as the distribu,tion
of tracer within the glticose-6-P ancd glycerate-3-P
forme(d tinder each con(ditioil.

Materials and Methods

Pla nt AIa terials. C'hlorellai pyrenoidosay and
A4ntacystis nidula1ns were growni as describedl in anI
earlier paper (8). Cells were washe(d twice with
2 mM K,S04, and restuspen(ded in 20 mnN potassiuimi
phosphate (pH 7.5 ) with a fK'nal cell dlensi,ty of
10 mg wet weight per ml. Prior to each experi-
ment, the cell suispeinsioin was aerated in darkness
for at least 16 houirs to reduce endogeniouis reserves.

Fxperimnental Apparatus aind Protocol. The
apparatus for the preilluimination exLperiments coIn-
sisted of 3 parts. The first vessel for pretreatmenit
was a rouind flat glass illuimination vessel, lollipop
shaped, encased in a plex:glass constanit tempera-
tuire bath, and it was equipped with a tuibe for
introdutcing heliulm gas. The seconl vessel for
'4C0., fixation was a darkened 125 ml separator)
fuinnel that carried a rubiber stopper equiipped with
a tulbe for introducing helitum an,d another tube for
the outlet. One ml of solution containing 30
,umoles of NaH1+CO. an,d 1200 uc of radioactivity
was placed inside the ftunnel just prior to the ex-
peri,ment. The third vessel for the termination of
the reaction was a darkened round bottom flask
cointaiining 200 ml of absoluite ethyl alcohol main-
taiinedl at 780.

In the preillumination experi,ments, a cell suis-
penIsloio of 50 ml was illuiminated in the lollipop
for 30 minuttes uinder helitum. Then the light was
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tuirned off and the contenit of the lollipop was
transferred into the second vessel. The second
vessel was stoppered andl shaken manually. Theii
the gas outlet was cliosed, the stopcock opened, andl
the cell suspeinsioin under pressture of heliuim gas
was forced into the ethyl alcohol in the third
vessel. The third vessel was stoippered and kept
at 780 in darknless for 5 more minuites, and then
cooled in anl ice bath. The entire operation was
carried out in a dark room. For a control, a cell
sutspenision wN'as kept (lark in the lollipolp uinder
heliuim for 30 minultes prior to exposture to
NaH'4CO, in the dark in the second vessel.

In the photosynthesis exper:men,ts, a cell s51s-
p)ension was illuminated in the lollipop for 30
mjnuites lin(ler air instea(d of helium, and then the
NaH'4C1O, so'lution was injected into the lollipop.
The entire content of the lollipop was eventually
transferred clirectly into the third vessel to termi-
nate the reaction.

The light soturces were 2 spot lanmpN each
proclducing 4000 ft-c of white light.

Fractionation of the Products of 14CO., Fixaition.
Produtcts of 14CO.) fixation were fractionated into
4 fractions, designated as insolulble, ether soluble,
trichloroacetic acid insoltuble, and water soluible.

The com,ponents of the water soltuble fraction
were separated on a Dowex 1-8 X chloride coltimn.
Eleven fractions each containing 14C were observed
in the eluition pattern. The major components of
10 fractions were identified.

Determination of Distribuition of 1 rtacer in
Glucose 6-P atnd Glwcerate 3-P. Samples from
fraction 4 containing glutcose 6-P and from fraction
6 containing glycerate 3-P were treated with potato
acid phosphatase and the resuiltant glucose and
glyceric acid were degraded as described earlier (9).

Table l. Iractionalion of the Products o' tCO. Fixation
rhe cell suspension in 80 % (v/v) ethYl alcohol was cenitrifuge(d and the residue was extracted at 780 twice

with 80 % ethyl alcohol. 3 times with 20 % (v/X!) ethyl alcohol, and twice with 1000 water. The finm residue was
designated as insoluble fraction. The sulpernatant fractions were combined, reduiced in volume under vacuum, and
treated at 40 with 50 % trichloroacetic acid unitil a final coniceiitra-tioni of 5 % was reached. The mixture
was .centrifuged and the residue was re-extracted wNith cold 5 % trichloroacetic acid. The final residue was desig-
nated as trichloroacetic acid insoluble fractioti. The supernatant fractions were combined a'nd extracted with several
portions of ethyl ether until the water pliase appeared neutral to pH paper. The extracted ether soluble fractions
were combinied, brought to niear dryness unler axi air streamn, antd( redissolved in a small portion of absolute ethyl
alcohol. The finial neutral aqueous phase (water soluble fraction) contained thic phosphorvlated compounds, amino
aci(ls, sugars, anid orgacnic acids. The total cpniI (X 10-6) inicorporated in each experiment was: 1) 6.2; II) 5.0; III)
63; IV) 10.1.

Expt cond(litioni n

Photosvynthesis 1 Miin
Dark CO. fixation 8 Mmin
Photosynthesis 15 Sec
Dark CO., fixation 1 Min

WVater solull l thler solul)le lTrichloroacetic I isoltuble
acid insoltib!e

83.0
98.2
93.0
99.0

0.9
0.6
4.9
0.7

, C)

1.2
0.3
04
0.0

* Data are expressed as percent of total 1 6C incorporated.

Expt
No

I
II
III
IV

()rga1isinl

A4nacvstis
Anacvslis
Chlori,lda
Chlorella

0$,
9.9
09
2.0
0.6
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Results

and Discussion

Roughly 98 % of "IC assimilated during en-
hanced dark -1CO2 fixation by Chlorella and
Anucystis resided in the water soluble fraction
(table I). The same fraction also accounted for
the bulk of '4C assimilated during photosynthesis.
Therefore, the other fractions were not treated
fuirther and an analysis of the water soluble frac-
tion was considered to be equivalent to ani analysis
of all products of enhanced dark "-C,O. fixation
and of photosynthesis.

With Anaicystis, 91 % of the tracer assimilated
during enhanced dark 14C0, fixation resided in
glycerate 3-P, P-enolpyrtivate, aspartate, and ala-
nine. The sugar phosph,ates accounted for 8 %.
In contrast, the products of short time photosyn-
thesis showed lesser amouints in the 4 carboxyl-
containing compounds (33 %) and a higher per-
centage (60 %) of incorporated tracer in the suigar
phosphates (fig 1). Experiments with Chlorella
showed an identical pattern.

Similarity of products of enhanced dark '4CO.,
fixation is taken as evidence that similar processes
were operating in both the green aInd blue-green
algae. The preseince of only a few percent of
isotope in fractions containinig carbohydrates is
interpreted as indicating that very little reduictanlt
formed dturing the preilluminiationi phase survived
into the dark phase. Confirmatory evidence for
this conclusion is obtained from comparison of the
distribution patterns of 14(C within the glycerate 3-P
and glucose 6-P formed during enhanced dark
'"CO2, fixation with that synthesized during a b)rief
period of photosynthesis (tables II and 111).
Photosynthetically synthesized glycerate 3-P and
glucose 6-P showed the expected spreading of
tracer into all carbon atoms (9,10). In sharp
contrast, glycerate 3-P formed dutring the enhanced
dark. phase remained carboxyl labeled ancd gluicose
6-P from the same experiments had very little
isotope in the C-5 an'd C-6 pDsitions. Indeed, the
hexose monophosphate had ani uinusually extreme
asymmetrical isotopic distriibution, with C-4 ac-
counting for approximately 75 to 80 % of the
tracer, followed by C-3, then by C-1 and C-2, with
little tracer in C-5 and C-6. The very tuneveni dis-
tribution of tracer in glu,cose 6-P formed dluriing
enhanced dark 14CO., fixation may resemble the
tracer distrilbution of the compound formed in anl
early period of photosynthesis. Therefore, eni-
hanced dark CO, fixation may reflect a slowe(d
down version of photosynthetic 14C'O.. fixationi.
We consider the intra- and intermolectular distribui-
tions of 14C as evidence establishing that the
pho.tosynthetic carbon reduction cycle functions very
little in the dark period following preillumination.
Therefore, the bulk of enhanced dark CO, fixation
represents the carboxylation of ribulose 1,5-diP
accumulated during the preillu,mination period.

0

cL.

0
00
b

Peak Tube Number
Number 1 2 3 4 5 6 7 8 9 10 1I
FIG. 1. Separation of componenits of the water sol-

uble fraction obtained from AnacYstis. The components
of the water soluble fraction (see table I) uwere sepa-
rated by gradient elution with HCI on a 1 X 40 cm
Dowex 1-8X chloride column. Gradienit elution was
carried out by connecting a 1000 ml separator) funnel
containing 0.1 N HCI to a 125 nil mixing flask containi-
ing water. Ten jumoles each of unlabeled glucose 6-P,
glycerate 3-P, and fructose-1,6-diP, were added to the
sample. The sample was applied to the resin bed, fol-
lowed by 100 ml of water, and then by the HCI gradient.
Aliquots of 0.05 ml were takeil from the 5 ml fractions
in each tube and its tracer content determined. Aliquots
were also assayed enzxmicallv for the adde(d carrier.

The solid liiie represenits the labeled products from
cells exposed to NaHlICQ3 for 16 minutes in the dark
following preilluminationi. Tihe dashed line represents
the products of 1 minute of photosynthetic "CO, fixa-
tion. Movement of radioactivity in high voltage electro-
phoresis, and in paper chromatography with at least 2
different solvents, was used to identifv the components
of each fraction. In addition,, samples ot peak 11 were
treated with ribulose-1,5-diP carboxylase and NaH12CO3
and the major labeled product of the reactioin was found
to be glycerate 3-P. A sample from peak 10%was treated
with 2,4-dinitrophenyl-hydrazine. The product was
found to be identical to the 2,4-dinitrophenyl-.hydrazine
derivative of authenitic pyruvate. The components of
each peak wvere: 1) Alaninle, with traces ox other neu-
tral amino acids and some sugars, 2) Aspartic acid with
a trace of glutamic acid, 3) Mostly malic acid, 4) Glu-
cose 6-P with some fructose 6-P and pentose mono-
phosphate, 5) Dihydroxyacetone-P with a small amount
of pentose monophosphate, 6) Glycerate 3-P, 7) Uniden-
tified, 8) Sedoheptulose-1,7-diP, 9) Fructose 1,6-diP,
10) Phosphoenolpyruvate, and 11) Ribulose 1,5-diP,
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The occurrence of small amouints of isotope in
the stugar phosphates formed during the dark phase
is considered next. If the formation of labeled
sugar phosphates dutring enhanced dark '"CO., fix-
ation was mediated by a redui,ctant surviving into
the dark phase from the preilluimination periodl, the
nm-ovement of assimilated tracer into the sutgar
phosphates should diminish dutring ain increasing
dark period. On the other hand, if formati.on of
labeled sugar phosphates was mediated by reactions
uinrelated to preillumination, different kinetics
might be expected. To examiniie these possibilities
nore closely, preilluminlatedi cells of .ncy(lCystis were

exposed to NalIH4C,O3 in the (lark for different
time periods. Subsequently distribution of tracer
among the water soluble compotunds and tracer
distribution within glucose 6-P were determined at
each time point. Figure 2 illustrates the time
coturse of 14C incorporation into the water soluble
compouinds during enhanced dark '-IC,(). fixation

by Anacystis. Tracer content of the glycerate 3-P
and P-enolpyruvate increased parallel to total
I4CO.tuptake for the initial 4 minutes, anid theIn
leclined. The percentage distributioni of isotope
extraipolated to zero time was 96 % for glycerate
3-P, again suggesting that the carboxylation of

ri'bulose-1,5-diP was the prime route Of carboon

fixation during the enhanced( dark '4C0., fixation.
Since 14CO., uiptake ceased after 4 mintutes, it is
quiite clear that the tracer content of the other
fractions increased with tinme, at the expense of
glycerate 3-P and P-enol,pyruvate. The tracer con-

tent o,f fra,ction (triose-P) showed a slow liinear
itncrease for 4 minuttes, followed by a conistaint
level throuighotut the rest of the time periods. The
tracer content of fraction 4 (hexose and pen,tose
monophosphates) increased slowly for the first 2

minutes, and then increased linearly at times the
initial rate for the remaining ti,me in,tervals. FruLc-
tose and sedoheptuilose dipho!sph;ates increased in

'T'able 11. Distribution of 14(' il Glycerate 3-P For-miied I)Purinj Photoswith ri.s and Enhonced Dar)X-k 14( (:). Fixaition

Source of PGA

Chlorella
Photosynthesis
15 Seconds
C'hlorella
Dark fixation
1 Minute
.4nacystis
Pliotosynthesis
I Minute
.4nacystis
l)ark fixation
8 Minutes

/, 0(t C-1
% O(f total
Sp act*

% Olt C-I

% Of total

Sp act*

% Of C-1
% Of total

SI) act*
% (f C-1
% ( f total
Sp4 aIct*

C-i

COOH
100
82
9.5

100
95.0
14.0

100
92
7 7

100
102
11.7

C-2

a

15.5

12.5

0.08
0.07

11.7
10.8

0.16
0.17

* Specific activity (sp act) is expressed aF i,&ivcuries per mg of carbonl.

lal)le IlI. Distribtition of 14( iGlutcoste 6-P Formed during Enhanced Dark CO.,
Anacystis and Chlorella

C-3 % Recover\

9.3
7.5

0.06
0.06

2.3

0.58
0.58

102

5.

103

ixation and P/hot ,)snthesosis

Source of Gj6P C-1 C-2 C-3 C-4 C-5 C-6 % Recovery

A.-("I,r n 1f_ 1 91 1) A 1C n *A1 nacystis
Dark fixatioIn,
4 Minutes
.4 nacv stis
D)ark fixation,
8 Mlinultes
4nflOcv st6

I )atrk- fixationi,
16 Minutes
.1 naevstis
Photosv -tliesis,
I Minute
C'hlorella
Photosynthesis,
15 SecoIIds
Chlorella
Dark fixatioin,
1 Minute

1.L -I.t I I.L Ivv

0.9 1 9 9.5 79
0.18

2.6 5.2 1().0 100
2.1 4.2 8.3 81

0.17
2.5 2.8 4 0 100
2.1 1.4 3.3 82.3

1.31
17.0 13.3 78 100
6.8 5.4 31.2 40

7.45
18.2 24.4 425 100
6 4 8.7 15.() 35.2

0.42
2.8 6.6 27.2 100
1.6 5.0 20.7 76 00

0.54

v

0

5.2

0 4.2

0 (1

6.9 11.7
2.8 4.7

13 0 14.5

4.6 5.2

0.8 0.4
0.6 0.3

92

89A1

9).9

75

102

"/C "' ILt-
% O f total
SI) act*
% Of ('-4
% Of total
SI) act*
% Of (-4

% Of total
SI) a,Ict*
% Of C

Of total

Sp ate t*
% Of C 4

% O,f total
Sp act*
% Of C-4
% O,f total
Sp act*

* Specific activity (sp act) is expresse(d as mnAcuries per mg of carbon.

** Sample lost.
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FIG. 2. Time course of 14C1i(ASp)rdvv 0.5
-

X 5

a.

6(PGA-

productsI (Ala)

3(Malic Acid)

A~~~~

5 (DHAP)

0 A 4
4O 16

rime of Exposure to NoHH 3(min)

FIG. 2. Time course of '4C incorporation into prod-
ucts during enhanced dark T4C0a fixationbyn Anacvsti3-
Cell concentration was 10 mg wet weightrer ml. After

30 minutes of preil-lumination, 50 ml of cell suspension
watsexposed to ml of NaH 34Cn3 (1200l c, 30uakoles)
in darkness for a given time period. The water solube

products were isolated and separated on a Dowex 1-8aX
chloride column. Total radioactivity in each fraction is

plotted against the time of exposure of the cells to NaH

14COsin dark. Total 14C0A uptake and glycerate 3-P

corresponds to the scale on right. The rest of the ma-

terials correspond to the scale on left. 14w0 uptake is

equivalent to 3 % of the total '4Co available.
The symbols are: Ala, alanine; Asp, aspartic acid;

PEP, P-enol.pyruvate; HMP. hexose monophosphate
(this fraction from the experiments of 8 and 16 mins

contained some labeled pentose monophospates) ; DHAP,
dihydroxyacetone-P; FDP, fructose-1,6-diP; SDP, sedo-

heptulose-1,7-diP and PGA, glyceric acid 3-P.

tracer conitenit linearly after a lag period of 2 andi
4 minuites, respectively.

To account for these kinietic data, we envisage
that the initial slow, formation of carbohydrate is

mediat-ed by a reductant that had its origin in the

preil-lumination. period while the subsequent more

rapid reduction of glycerate 3-P is driven by a

reducing power generated diring the enhanced dark

'4(02O- fixation phase of the experimen,ts. A rea-

sonable mechanism to accouint for the kinetics of

changes of sugar phosphate la,beling starts with

the assumption that there is considerable movement

of the glycerate 3-P between the photo-synthetic
apparatus and the cytoplasm (11). The time re-

quired for labeled glycerate 3-P formed in the
carboxylation reaction to equilibrate with cytoplas-
mic glycerate 3-P and for tracer to enter the
triose-P pool could account for the lag observed in
the labeling of the C5, C6, and C7 sugar phosphates.
The reducing power would be supplied by the
glycolytic breakdown of reserve carbohydrates.
Kandler aiid Liesenkotter (12) have showed that
in Chlorellal glycolysis is inhibited during photo-
synthesis but not in a subsequent dark period,
resulting in a drop in the level of sugar phosphates.
Tif following preillulmination, a similar series of
reactions was occuirring in Anacystis, then sulb-
strate phosphorylation produced ATP and DPNH
generated in the cytoplasm might, in tturn, mediate
the reduction of glycerate 3-P released from the
photosynthetic apparatus into the cytoplasm.

These transient changes are now considered
with respect to the extremely unsymmetrical dis-
tribution of tracer within the glucose 6-P formed
dluring the dark periods (table III). A comparable
finding was observed in the polyglucan isolated
from the blue-green alga, Tolypothrix tenuis, after
exposure to 14CO2 in the dark for 1 hour (13).
The limited spreading of tracer from C-4 into the
u-tpper hal,f of the C6 chain was explained in terms
of incomplete isotopic equilibration by triose-P
isomerase and of the transketolase-transa'ldolase
catalyzed reactions (13). The complete absence
of isotope in C-5 and C-6 coupled to the observation
that we could not detect 14C in the ribulose 1,5-diP
(lespite the presence of labeled pentose monophos-
phate lends strong support to the idea that the most
likely site for the break in the photosynthetic carbon
reduction cycle is the apparent absence of a kinase
reaction forming ribulose 1,5-diP in the dark.
However, there was a continuous supply of ATP
duiring the entire experimental period as evidenced
by the kinetics of the labeling of the sugar phos-
phates. It wotuld seem that the kinase enzyme does
not have access to ATP which is produced by
reactions located outside of the photosynthetic ap-
parattus. Earlier, Pederson, Kirk, and Bassham
(14) came to this conclusion when investigating
light-dark transients during photosynthesis in Chlo-
rel1a. Alternatively, it may be that the hexose
and pentose phosphates formed in the cytoplasm
cannot penetrate the photosynthetic apparatus.
Studies with the whole chloroplast isolated from
higher plants showed that ribose 5-P and fructose
1,6-diP buit not fructose 6-P and glucose 6-P can
cross the double memlbrane and enter the photo-
synthetic carbon reduction cycle (15). An "abso-
luite" light-dark switch controlling the activitv of
riibulose 5-P kinase is unlikelx since at least 2
groups have demonstrated sufficient ribulose 5-P
kinase in extracts of photosynthetilc organisms kept
in darkness to catalyze the observed rates of CO,
fixation (16, 17). However, preliminarv experi-
ments in this laboratory have shown that the
catalytic activity of ribulose 5-P kinase is about
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2-fold higher in illuminated leaves ov-er that fotund
in the dark coiitrol (E. Latzko, uinpiublished ob-
servations). 'Most likely AT P prodiuced in the
chloroplast duiring the light phase is consume(d
rapidlys in kinase and hydrolytic reactionis (8, 14)
an(l that ATP other thani that produiced h) photo-
phosphorylation canniot be ultilized by the kinase
reactions of the photosynthetic carboln reduiction
cvcle. We are not aware of any uinequlivocal evi-
(lence (lelmonstrating that ATP can penetrate the
entire photosynthetic apparatuls Nvhich retainls their
ouiter (lolible membrane an,d their- stroma.

Finallv, enhance,d (lark CO., fixationi was oh-
serve(l wvith preilluminate(d cells of Porphvridiumit
cruientufn an(d Tol/vpot/i'i.l tenuiiis (uinpuiblished
olbservations). Since the phentomenon is observed
in green, hluie-green and red algae, it appears to be
a com;mon property of all photosynthetic algae.
W,Vhether or not leaves of higher plants have this
property is unknown.
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