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Summary. The carbohydrate metabolism of the autotrophically grown blue-green
alga, Tolvpothrix tenuis, was studied. The alga respires glucose, fructose, galactose, and
ribose.

About 609, of the glucose consumed is converted by starved cells into a glucose
polysaccharide. Glucose uptake and O, consumption are not inhibited by 0.01 M arsenite
or by 0.005 M iodoacetamide.

The distribution of *C in the polysaccharide glucose was established after feeding
of glucose-1-1#C, -2-1¢C, -6-1¢C, ribose-1-1#C, and fructose-6-*C. Randomization of iso-
tope between the 2 halves of the glucose from polysaccharide is limited when the experi-
ments are carried out in the dark. After an extended incubation glucose-2-14C yields
a glucose molecule with isotope labeled approximately equal in C-1, C-2 and C-3.

When the labeled glucoses were fed at a light intensity of compensation point, and
in the presence of carbon dioxide, a greater degree of randomization of isotope occurred.
The enhanced randomization of isotope is thought to result from an additional supply
of triose phosphates as a result of photosynthesis which creates an environment favorable

to the reversal of the glycolytic reactions.

To account for the labeling patterns and the resistance of respiration to the inhibitors,
it is proposed that the oxidative pentose phosphate cycle is the major pathway of carbo-

hydrate breakdown in this alga.

Most of the studies of algal carbohydrate metab-
olism have been done with the green algae (6).
Based on studies with inhibitors, enzymic assays and
14C distribution in the glucose moiety of polysaccha-
ride, the Embden-Meyerhof pathway appears to be
the principal route of glucose respiration in the
Chlorellaceae (6). However, little is known about
the carbohydrate metabolism of the blue green algae.
The resistance of glucose respiration of Tolypothrix
tenuis to respiratory inhibitors such as arsenite and
iodoacetamide was interpreted to mean that a path-
way or pathways other than classical glycolysis was
of importance to cellular respiration (2). Examina-
tion of the distribution of *4C in the polysaccharide
glucose from short-term photosynthesis with both

1 This dinvestigation was aided by grants from the
National Science Foundation and the United States Air
Force through the Air Force Office of Scientific Re-
search of the Air Research and Development Command,
under Contract AF49 (638)789.

2 Present address: Johnson Research Foundation,
School of Medicine, University of Pennsylvania, Phila-
delphia, Pennsylvania, 19104. These studies were ex-
tracted from a dissertation submitted to the Graduate
School, Cornell University, in partial fulfillment of the
requirements for the degree of Doctor of Philosophy.

3-Present address: Department of Biology, Brandeis
University, Waltham, Massachusetts, 02154.

731

Anacystis nidulans and Chiorella pyrenoidosa (12)
revealed a similar pattern of asymmetry, as described
by Gibbs and Kandler (7).

Blue green algae are usually considered as obli-
gate autotrophs. The ability of T. tenuis to grow
heterotrophically with glucose as the main source of
carbon (13) makes this organism particularly use-
ful in a study dealing with carbohydrate breakdown
in the Cyanophyta. This report is an attempt to
evaluate the pathways involved in the metabolism of
sugars deduced from #C distribution in the polysac-
charide. In addition, the effects of light and glyco-
lytic inhibitors on the glucose metabolism are also
examined.

Materials and Methods

Organism. T. temuis, provided by Dr. A, Wat-
anabe, was grown batchwise at 33° to 35° in 5-liter
flasks containing 3 liters of culture medium. The
composition of 1 liter of medium was: KNO,, 3 g;
Na,HPO,-12 H,0O, 0.5 g; MgSO,7 H,0, 0.02 g;
Arnon’s A 5 solution, 1 ml; 19 EDTA-Fe solution,
1 ml. Air enriched with 3¢9 CO, was continuously
bubbled through the cultures. A bar magnet kept the
medium agitated and the gas bubbles dispersed. Vig-
orous stirring was found essential for good growth.
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The cultures were illuminated continuously by fluor-
escent lights (Sylvania white) supplemented with
100-w incandescent bulbs. 'The light intensity at the
surface of the flask was roughly 300 ft-c. Starved
cells were obtained by aerobic incubation of 3-day
cultures in darkness for 24 hours at the same temper-

ature used for growth. Cells were harvested by fil- -

tration onto S and S No. 388 paper. The cell mat
was removed from the paper with distilled water
and then centrifuged at 6000 X ¢. The cells were
suspended in distilled water to a final concentration
of about 10 mg dry weight per ml. The yield was
about 100 mg dry weight of cells from 1 liter of
medium.  ‘T'o check for bacterial contamination, 2
ml of cell culture were introduced into 10 ml of
growth medium which had been fortified with cas-
amino acids and glucose. Tf no turbidity or bac-
terial growth resulted after 2 to 3 days at 30° the
culture was taken as free from contamination.

14(C-Labeled Substrates. Glucoses labeled at posi-
tions 1, 2 or 6 were purchased from New England
Nuclear Corporation and ribose-1-14C from Nuclear
Chicago Corporation. Fructose-6-'*C was prepared
from glucose-6-'*C by utilizing crystalline veast
hexokinase, and highly purified preparations of rab-
bit muscle phosphohexose isomerase and potato phos-
phatase. Purity of the fructose was established hy
paper chromatography.

Dark Incubation with Labeled Substrates. Incu-
bation was carried out at 37° either in 150 ml or 50
ml Warburg vessels using a total reaction volume of
12 ml. or 5.5 ml respectively. In some experiments,
the center well contained a filter paper wick wetted
with 0.5 ml of 20 9, KOH. For incubation under
air enriched with 19, CO, ,the center well contained
0.5 ml of Pardee buffer: an additional 0.7 ml was
placed in 1 of the 2 side arms. The flasks were
flushed with a 19, CO,-air mixture and then equili-
brated for 30 minutes. o

Incubation at Compensation Point. The same incu-
bation system as described under dark incubation was
used. Warburg flasks were illuminated. from below
with 130-w Sylvania Flood lamps. The compensa-
tion point was reached at about 30 ft-c as measured
at the water surface of the Warburg bath with a
Weston light meter. .\ pair of monitor flasks was
used for cach feeding experiment to check for the
proper light intensity by taking readings of the gas
exchange.

Isolation of Polvsaccharide Glucose. At the end
of incubation, 12 ml of absolute ethanol were pipet-
ted into the main compartment of the Warbhurg ves-
sel to stop the reaction. After centrifugation, the
cell material was extracted exhaustively with 80 ¢
(v/v) ethanol at 80° until the washings were free
of radioactivity. The cell debris was then hvdrolyzed
in 3 ml of 1 x HCI for 2 hours at 100°. The un-
hyvdrolyzed fraction was centrifuged and the hyvdroly-
sate was evaporated to dryness under vacuum over
P, and. NaOH pellets. Carbohvdrate content of
the - hyvdrolysate was determined with  anthrone.
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Polysaccharide glucose was isolated and identified
by paper chromatography. In every experiment. all
radioactivity in the polysaccharide fraction was ac-
counted for as glucose. After elution from the paper
and addition of carrier. the glucose was degraded by
the Leuconostoc mesenteroides technique (3).

Time Course of Glucose-1-4C and Glucose-6-14C
Respiration. Twenty-four 15 ml Warburg flasks were
equally divided into 6 sets. Fach set was subdivided
into 2 subsets, one to be run in dark. the other at
compensation point.  One of the flasks in the subset
contained glucose-1-"*C and the other glucose-6-14C,
In the main compartments were K-phosphate buffer,
pH 6.0 50 gmoles: MgCl,. 3 umoles: substrate 8.8
umoles containing 3.6 uc (tipped in at time zero from
sidearm) : cells. 9.4 mg of dry weight: the final vol-
wwe was 3.0 ml and 0.2 ml of Pardec buffer was
placed in the center well. One of the side arms was
occupied by 0.2 ml of substrate, the other by 0.3 ml
of 18 x H,S0,. The 2 sets of experiments were
performed concurrently. After the system has been
flushed with a mixture of 1 9, CO, in air and equili-
brated for 30 minutes. substrate was tipped in. At
intervals of 10 minutes up to 1 hour, incubation of
cach of 2 flasks was stopped by tipping in the
H,S0O,. After the reaction has been stopped. 0.4
ml of 20 9 KOH was injected into a side arm. The
Pardee buffer and the KOH were rinsed out with
the aid of a syringe. Three water washings, amount-
ing to about 0.4 ml from each center well and a
similar amount from the KOH side-arm, were pooled.
1CO, equivalent to 330 gmoles from the KOH-
Pardee buffer solution was converted to BaCO,.
Radioactivity was measured at infinite thickness with
a window tvpe GM counter. Model 186, Nuclear-
Chicago.

Results and Discussion

Respiratory Properties.  ( ur data provide evi-
dence confirming the studies of Watanabe and his
associates (14) that 7. fenuis, in contrast to most
other Cyanophyta which have been studied (13).
exhibit a strong response in (), uptake following the
addition of sugars. Among the carbohvdrates ex-
amined, glucose gave the hest response. followed by
fructose and galactose (fig 1). Ribose supported
an O, uptake roughly equal to that of galactose.
Similar to the studies of Kratz and Myers (13) with
Anabacna wvariabilis, Anacystis nidulans and Nostoc
muscorum, T. temuds did not exhibit noticeable re-
sponse to added organic acids. including acetate,
pyruvate, and p-gluconate.

The rate of glucose uptake was found to be about
0.5 to 1 umole per mg dry weight of cells per hour.
The Qo. values (ul O, uptake per hour per mg drv
wt) were 4.3 and 16.6 for the endogenous and glucose
stimulated respirations, respectively. Assuming that
the endogenous respiration was not disturbed by sub-
strate..about 0.6 umole of O, was consumed per. pmole
of glucose taken up. Of the glucose assimilated,
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Fic. 1. Time course of O, consumption of hexoses
by T. tenuis. Each 15-ml Warburg flask contained sub-
strate, 30 ymoles ; K-phosphate, pH 6.0, 30umoles ; MgCl,,
5 umoles and 6 mg dry weight of 24 hour starved
cells in a final volume of 3.0 ml. The center well car-
ried 0.2 ml of 20 9, KOH. The substrate was tipped
in at time zero from the side arm after an equilibration
period of 30 minutes. The atmosphere was air and the
temperature was 37°. At the end of incubation for 120
minutes, the content of each flask was pipetted into a
centrifuge tube. The cell material was spun down and
an aliquot of the supernatant fraction was analyzed for
residual carbohylrate with anthrone. There were con-
sumed 11.8 umoles of glucose, 7.0 umoles of fructose and
4.5 umoles of galactose, respectively.

Table I.

60 9% or more was converted into polysaccharide.

Another characteristic common to both Chlorella
(17) and Tolypothrix was noted when the effect of
light on the uptake of glucose was determined. In
our experiments, the total amount of glucose con-
sumed or converted to polysaccharide differed only
slightly under conditions of either darkness or com-
pensation light intensity, in the presence or absence
of CO, (table I, see also ref. 14).

Unlike Chlorella (11) and Scenedesmus (4), the
respiration of 7' tenuis was resistant to high concen-
trations of arsenite and iodoacetamide. Arsenite at
0.01 M markedly stimulated glucose uptake and its
conversion to polysaccharide (table I) and O, con-
sumption (table IT). In contrast, inhibition of both
0O, evolution and subsequent uptake of O, after
addition of 0.01 M arsenite to cells photosynthesizing
at a light intensity of approximately compensation
established entry of arsenite into the cells and its
blocking of photosynthesis (table II). Not shown,
0.005 M iodoacetamide gave similar results. These
findings with arsenite and iodoacetamide suggest that
the conversion of glucose to pyruvate by the usual
glycolytic pathway (Embden-Meyerhof) and the sub-
sequent oxidation of the a-ketoacid serves in a lim-
ited capacity in the breakdown of glucose by T. tenuis.

Metabolism of *C-Labeled Sugars in the Dark.
Polysaccharide glucose isolated after dark feeding
of glucose-1#C or ribose-1-14C revealed that the bulk
of the isotope remained in the position equivalent to
that in the added sugar (table III). When glucose-
1-1#C was substrate, some isotope moved to C-3 of
the polysaccharide glucose. When glucose-2-1¢C was
respired, isotope was also found in C-1 and C-3 of
the polysaccharide glucose. Even when the glucose-
1-24C, glucose-2-1*C and ribose-1-1#C was completely
consumed, tracer was not found to any substantial
amount in the lower half of the isolated polysaccha-
ride glucose. Contrary to these findings with glu-
cose-1 and -2-1¢C, where little randomization of iso-
tope occurred, isotope located in C-6 of .the fed glu-
cosc was detected consistently in C-1 of the polysac-
charide glucose. Not shown, but similar in labeling

Glucose Uptake and Conversion to Polysaccharide in the Absence or Presence of 0.01 M Arsenite

in the Dark and at Compensation Point
Each flask contained K-phosphate buffer, pH 6.0, 50 umoles; MgCl,, 5 umoles; glucose, 20 pmoles ; cells, 9 mg

dry weight; final volume 3 ml; in center well, 0.2 ml of 20 9 KOH or Pardee buffer.

The temperature was 37°.

The gas phase was COs-free air or 19, CO. After 3 hours the cells were centrifuged. The supernatant solution
was assayed for glucose. The cells were hydrolyzed in 5 ml of 1 x HCI for 2 hours at 100°. Carbohydrate content
of the hydrolysate was determined with anthrone and is expressed as #moles of hexose after hydrolysis.

Dark Compensation
Gas Air-CO: 19, CO, Air-CO: 19, CO:
umoles of glucose consumed
Control 82 7.6 10.6 7.5
001 ™M Arsenite 144 (1.76)* 13.2 (174) 12.6 (119) 10.7 (143)
rmoles of hexose after hydrolysis
Control 5.7 4.7 ... 5.4
0.01 > Arsenite 11.2 (197) 9.0 (192) 9.2 8.3 (154)

* Percent over control.
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Table 11.  Consumption or Production of Os in the
Absence or Presence of Arsenite and in the Dark
or at Compensation Point
Conditions identical to table I. A minus (—) indi-
cates uptake and a plus (+) indicates evolution of O-:.

Conditions Dark Compensation
umoles umoles
Endogenous —41 +5.3
Glucose —12.2 3.7
Endogenous -+ 0.01 M arsenite 6.5 —1.0
5.3

Glucose + 0.01 M arsenite —17.0 —3.

pattern to glucose-0-*+C was the *C distribution oh-
tained with fructose-6-'*C Interestingly, isotope
was detected in C-3 of polysaccharide glucose when
glucose-6-14C was substrate.

The isotope labeling patterns in the polysaccha-
ride glucoses will be considered in relation to the
scheme depicted in figure 2. The *C of ribose is
considered to enter the scheme by way of intermedi-
ates of the pentose-P pathway. It has been demon-
strated that some of the enzymes of the glycolytic
and pentose-P pathways (4,18) are present in the
Cyanophyceae. By means of these reactions, glu-
cose can be converted into polysaccharide in 3 ways:
A) direct conversion involving reactions 1 and 2
with no rearrangement of isotope; B) breakdown of
hexose phosphate by Embden-Meyerhof reactions
(reactions 1,2,3,4,5, and 6) down to triose phos-
phates and back again which permits randomization
of isotope between upper and lower half of the hexose
chain; and C) reaction 7, the pentose-P pathway
together with reactions 3 and 2.

The reactions of the pentose-P cycle (reaction 7
together with 3.2) are of particular interest because
they provide a mechanism for introduction of 1*C
into C-1 and C-2 from C-3 and into C-1 and C-3

PLANT PHYSIOLOGY

from C-2. On each turn of the cvcle, 3 moles of
hexose-I’ are converted into 2.5 moles of newly re-
formed hexose-P with the concomitant loss of 3 moles
of CO,.  The half mole of hexose-P is derived from
C-4, 3. and 6 of hexose and in this scheme these
carbons have no influence upon the spread of tracer
within the upper half. The effect of repeated cycling
on the *C distribution of a 2-labeled hexose is illus-

Polysaccharide
2

|
7 Glucose-6-P «—— Glucose

Pentose -P
Pathway 3

Fructose-6-P «—— Fructose
4
Fructose-1,6-diP
Is

!

6
Glyceraldehyde -3-P<+— Dihydroxyacetone-P

Photosynthesis

Glycerate-3-Pe——— Co,

Kreb's Cycle “Dark" Fixation

F1c. 2. Outline of reactions which may effect '4C
distribution in polysaccharide glucose.

Table 111. Distribution of 1*C in Polysaccharide Glucoses after Dark [ceding of Labeled Glucoscs
or Ribose-1-14C

Two sets of experiments, A and B of duration 60 minutes and 140 minutes, respectively. are described here. In
experiment A, the incubation mixtures of 12 ml contained : substrate, 60 wsmoles: K-phosphate, pH 6.0, 330 wmoles;
MgCly, 50 umoles; cells, 54 mg dry weight. The amount of isotope was: glucose-1-14#C, 56 uc; glucose-2-14C, 40 pc,
and glucose-6-14C, 50 uc. In experiment B, the incubation system of glucose-1-1*C and -2-#C of 5.5 ml contained sub-
strate, 38 umoles each of glucose-1-14C (5.2 uc) or glucose-2-14C (4.7 uc); K-phosphate pH 6.0, 100 wmoles; cells,
66 mg dry weight. In the last 2 columns, the incubation mixture of 11 ml contained: substrate, 30 umoles of glucose-
6-14C (15 uc) or 33 wmoles of ribose-1-14C (15 uc) ; K-phosphate, pH 6.0. 200 wmoles; cells, 130 mg dry weight.
The center well of each flask contained 20 9, KOH. The gas phase was air and the temperature was 37°. The
figures represent the percentages of '4C in the various carbon atoms. The value in parentheses is the specific activ-
ity expressed in mpc/mg carbon.

Carbon Glucose-1-14C Glucose-2-14C Glucose-6-1¢C Ribose-1-14C
atom A B A B A B B

C-1 82.5(5.3) 71.0(2.3) 19.6 323 7.4 8.4 44.6(0.68)
C-2 25 L 61.4(3.7) 32.6(2.3) 1.5 1.2 17.1

C-3 7.7 16.7 13.9 23.0 1.9 1.0 30.8

C-4 44 3.5 1.4 52 0.8 0.7 27

C-5 0.0 1.9 1.7 3.3 7.8 23

C-6 29 1.9 4.3 85.0(5.4) 80.4(5.2) 22

*

Carbon lost.
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Fic. 3. Effect of the oxidative pentose-P cycle on the
14C distribution of a C-2-labeled hexose with repeated
cycling (see ref. 20 for comparison with glucose-3-,4-14C).

trated in figure 3. On the first turn of the cycle 24C
is introduced into C-1 and C-3 in a proportion of
2:1 (9). On further turns of the cycle, a hexose
unit is formed with isotope essentially equally divided
among C-1, 2, and 3. It is noted that randomization
of *C between the 2 halves of the hexose chain is
not permissible by way of the pentose-P cycle.

The spread of isotope (table IIT) into C-1 and
C-3 of glucose from C-2 of glucose and C-1 of ribose
indicated active participation of the pentose-P cvcle
reactions (1). It is interesting to compare the cal-
culated values in the hexoses (fig 3) with the
observed values from the feeding experiments. For
feeding of ribose-1-1#C with C-1 taken as 100, the
values are C-2 = 38, C-3 = 69, and the calculated
values for 3 turns of the cycle are C-1 = 100, C-2 =
50, C-3 = 77. Very convincing evidence of a com-
plete recycling of the pentose-P cycle is the approxi-
mately uniform distribution of isotope in C-1, 2, and
3 of polysaccharide glucose after a 140 minute feed-
ing of glucose-2-14C (Column b). In this extended
experiment, essentially all the fed glucose was con-
sumed.

"Further evidence for the participation of part of
the reactions of this oxidative pathway is derived
from the glucose-1-1*C data. Pentose units derived
from a 1-labeled hexose through the decarboxylation
of 6-P-gluconate are unlabeled. Obviously, another
explanation is required to account for the appearance
of isotope in C-3 of polysaccharide glucose following
consumption of glucose-1-1*C. An exchange reac-
tion catalyzed by transketolase involving C-1 and
C-2 of fructose-6-P-1-1*C and xylulose-5-P, an inter-
mediate of reaction 7, would place isotope at C-1 of
the ketopentose. Resynthesis of a hexose unit yields
a labeling pattern similar to that obtained with ribose-
1-14C (table IIT).

While the bulk of the isotope was still conserved
at C-6 of the polysaccharide glucose (table V) when
glucose-6-1*C was substrate, limited randomization
to C-1 had occurred. Recycling through the pen-
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tose-P pathway results in a relocation of 14C only
in the upper half of the hexose. Through this series
of reactions, glucose labeled at C-6 would not lose
its isotope and would be retained at C-6 of the newly
resynthesized hexose. The symmetry of a hexose
with respect to isotope labeling is dependent upon
triose-P isomerase (reaction 6) which brings the
dihydroxyacetone-P and glyceraldehyde-3-P into
equilibrium. The fact that randomization of isotope
from C-1 and C-2 of the hexose to their homologous
partners, C-6 and C-5 was considerably smaller when
compared to the reverse process rules out the im-
portance of a mechanism involving solely the glyco-
lytic reactions as a means of achieving a symmetric-
ally labeled hexose. It would appear that random-
ization is the result of a mechanism whereby glycer-
aldehyde-3-P labeled in the beta carbon and derived
from C-3,4, and 5 of a pentose-5-'*C unit (reaction
7) is brought into isotopic equilibrium with dihydroxy-
acetone-P. The reversal of the glycolytic reactions
would introduce isotope into C-1 of polysaccharide
glucose. It is clear that by such a series of reac-
tions, the movement of isotope is unidirectional, pro-
ceeding only from the lower half of the consumed
hexose to the upper half of the newly synthesized
hexose.

A related point of discussion is the small but sig-
nificant increase in radioactivity at C-5 of the poly-
saccharide glucose obtained from the cells fed with
glucose-6-1#C. (table III). A scheme involving the gly-
colytic pathway and the isotope shuttle of the tricar-
hoxylic acid cycle may be considered (19). In this se-
ries of reactions, glyceraldehyde-P-3-14C would be
converted to acetyl CoA-2-14C. Movement of the latter
compound through the intermediates of the tricar-
boxylic acid cycle and the relevant reactions of the
glycolytic pathway would result in the formation
of glyceraldehyde-3-P-2,3-14C. Isotope could enter
C-5 of the hexose unit either through the aldolase
system or by the participation of an exchange reac-
tion catalyzed by transaldolase (16). The fact that
the isotopic content of C-2 of the polysaccharide glu-
cose remains constant during the experiment suggests
participation of transaldolase rather than of aldolase.

We interpret the labeling patterns of the poly-
saccharide glucoses, the inhibitor data, and the C,/
C, ratios (see below) as proof that the oxidative
pentose-P pathway and not the Embden-Meyerhof
pathway plays a dominant role in the respiration of
glucose by T. tenuis. 'The inhibitor data can be con-
sidered as supporting evidence for this view since
iodoacetamide and arsenite are known to inhibit p-
glyceraldehyde-3-P dehydrogenase and pyruvic acid
oxidase, respectively, but do not appear to affect any
enzyme of the oxidative pentose-P cycle (3,8).
Pertinent here is our finding that arsenite does not
alter the isotope distribution patterns in the poly-
saccharide glucoses after the feeding of. glucose-1-
14C, glucose-2-*4+C and glucose-6-14C under the con-
ditions listed in table I. Enzymic studies (4, 10)
have led to a similar conclusion.
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Liffect of Light. \When the incubations were car-
ried out at the compensation point, the bulk of the
isotope in the polysaccharide glucose was again re-
tained in the labeled position of the added glucose
(tables 1V, V). 'This finding was most evident in
the presence of light but in the absence of CO..
Light in the presence of CO, caused a striking in-
crease in the randomization of isotope from C-2 to
C-5 and from C-6 to C-1 (tables TV, V).

Table IV. Distribution of C in the Polysaccharide

Glucose after Feeding of Glucose-2-1+C in Dark

or at Compensation Point

The incubation mixtures of 12 ml contained glucose
60 wmmoles (21 uc): K-phosphate buffer, pH 6.0, 330
umoles; MgCl,, 50 wmoles; cells, 38 mg dry weight.
Gas phase, CO.-free air or 19, CO, in air; 60 minutes,
37°. The figures are percentages of '*C in various car-
bon atoms. The values in parentheses are the specific
activities expressed in muc/mg carbon.

Carbon atom Air-CO. 19, CO: 19, CO,
C-1 2.2 2.7 23.5
-2 80.6(15.6) 73.4(8.1) 54.5(8.1)
C-3 5.3 6.9 17.4
C-4 0.5 0 0.3
C-5 5.0 15.0 2.6
C-6 0.5 1.5 2.4

Table V. Distribution of '4C in Polysaccharide Glucose
Insolated after I'eeding of Glucose-6-14C in Dark
or at Compensation Point
The incubation mixtures of 12 ml contained glucose,
60 umoles (31 uc) and cells, 62 mg dry weight; other
components and experimental conditions identical to table
IV. The figures are percentages of 1*C in various car-
bon atoms. The values in parentheses are the specific
activities expressed in muc/mg carbon.

Compensation Point Dark

Carbon

atom  Air-CO: 19, CO, Air-CO, 1 ¢, CO:.
C-1 0.0 14.5 7.6 8.0

C-2 1.5 1.5 1.7 1.1

C-3 1.2 1.3 14 0.6

C-4 1.0 0.5 0.6 0.3

C-: 3.7 28 13 19

5
C-6 86.1(1.44) 79.5(1.76) 875(1.54)  88.0(1.04)

The investigation of Kandler and Gibbs (10) with
Chlorella showed that photosynthesis had only a small
effect on the randomization of '*C between the 2
halves of the glucose molecule following assimilation
of specifically labeled glucoses. In contrast to Chlo-
rella, the effect of light together with CO. on this
kind of randomization of isotope was very pronounced
in Tolypothriz (table TV, V). The increase of iso-
topic crossing over may be the result of A) decrease
of the pentose-P pathway with a concomitant in-
crease in the traffic entering the glyvcolytic pathway

or B) conditions favorable for the reversal of the
glvcolytic pathway including an increase in the tri-
ose-P isomerase reaction with respect to other reac-
tions depicted in figure 2.

To determine the validity of postulate (A), the
C,/C, ratio was determined in the dark as well as at
compensation point. Six samples of CO, were col-
lected at 10-minute intervals for a period of 1 hour.
The ratios (dark) obtained, starting with the initial
10-minute sampling period were: 0.16, 0.34, 0.23, 0.34,
.28, 0.38: the corresponding values at compensation
point were: 0.15, 0.18, 0.25, 0.21, 0.28, 0.33. 'The
C,/C, ratios were again found to be essentially iden-
tical when the experiment was carried out in the
presence of 3X10™% a 3-(p-chlorophenyl)-1, 1-di-
methyl urea. ‘This concentration of herbicide inhibited
0, evolution more than 90 9, and had no effect of glu-
cose uptake either in the dark or at compensation.
These findings argue against postulate (A).

The other possibility, postulate (B), will now be
considered. Tn the context of this investigation, the
action of photosynthesis is thought to provide a sit-
uation favorable for the reversal of the FEmbden-
Meyerhof pathway by increasing the flow of traffic
from triose to hexose and polysaccharide. TIn this
respect, it is of interest to compare the distribution
of 1#C in the glucose formed during the assimilation
of 14CO, under the conditions of photosynthesis or
of darkness. By means of glycolysis and the tricar-
boxylic acid cycle (fig 2). a sugar Iabeled equally
in positions 3 and 4 would be expected to he formed
during dark assimilation of CO, (dark fixation).

After exnosure of Tolvpothrix to *CO, in the
dark for 1 hour, we found the distribution pattern in
the polvsaccharide glucose to be C-1 = 7.5, C-2 =
234, C-3 = 18. C4 = 100, C-5 and C-6 = 0. Tt
is quite clear that the 6-carbon chain formed in the
dark has an extremely unsymmetrical '*C distribu-
tion pattern. While the incomplete isotopic equili-
bration by triose isomerase can partially account for
the asvmmetric pattern, it does not account., however,
for the higher content of "*C in C-1 and C-2 as com-
pared to C-5 and C-6 or for the fact that C-2 and
(-3 have the same specific activities. The reactions
of the pentose-P nathway are pertinent bhecause the
effect of this cycle upon the *#C distribution of a
3.4-labeled hexose is the introduction of isotope into
(-2 and subseauently into C-1 coupled to a dilution
of 1C in C-3 (20). The specific activity of C-4 is
unaffected. Thus C-4 would have a higher activity
than (-3 and C-3 would bhecome roughly equal to
(-2 if the rate of the triose isomerase and aldolase
reactions were relatively slow compared to the con-
version of glucose-6-P to fructose-6-P and polvsac-
charide by way of the pentose-P pathway. Tn agree-
ment with this notion. randomization of isotope from
(-1 and C-2 to their equivalents. C-5 and C-6. in
the lower half of the 6-carbon chain is limited when
the experiment is carried out in the absence of light.
Kindel and Gibbs (12) reported the following pat-
tern in polvsaccharide glucose formed during photo-
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synthesis at saturating light intensity using the blue-
green alga, Anacvstis nidulans: C-1 = 26, C-2 = 21,
C-3 =73, C4 =100, C-5 = 11, C-6 = 19. The
labeling pattern observed in the glucose synthesized
during photosynthesis tends toward symmetry when
compared to that synthesized in the dark. During
photosynthesis the photosynthetic carbon cycle is ac-
tive and it has been established that this cycle leads
to complete randomization of isotope within the hex-
ose molecule (7). The fact that both light and CO:
were necessary to obtain the randomization of isotope
when 1#CO: or a sugar was substrate establishes the
important role of the photosynthetic carbon cycle in
explaining our results recorded in tables IV and V.
Thus, when glyceraldehyde-3-P is formed by the re-
actions of the oxidative pentose-P cycle, it can enter
into the chloroplast and he metaholized by the series
of reactions comprising the photosynthetic carbon
cycle.  While the photosynthetic conditions used in
this investigation seemed to effect the respiratory
mechanism at least with respect to carbon metabolism,
it should be emphasized that dim light and CO: had
little influence on the uptake of glucose nor did it
result in an increased polysaccharide formation.

We suggest that 1 effect of photosynthesis upon
glucose metabolism in Tolypothrix is the creation of
an additional supply of glycolytic intermediates from
the photosynthetic carbon cycle, giving rise to a situ-
ation favorable for the formation of hexose from
triose through the aldolase and triose isomerase re-
actions.
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