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" ABSTRACT
In Chldielia pyrenoidosa which have been photosynthesizing in either

1.5% 14C02 or 0.05% 14CO2 in air, gassing with 100% 02 results in rapid

fdrmation of'phosphoglycolate which is apparentlyfcohvértéd to glycolate.

However, oﬁly about one~third to one-haif of the raté,of glycolate forma-
tion can be aécounted for by this route. The rémaiéiné.glycolate forma-
tion.may be the result of the oxida;ion of sugar monophosphates. The
rates df formétion of both glycolate and phosphoglycolate are about four
times greater with algae that have been photosynthesiiing in 1.5% 14CO2
than withvalgae which have been photosynthesizing with:air, when the

algae are then gassed with 100% 02.



When some Species.df green plants photosynthesize with 14COZ, and

the total CO, concentration is not higher than in air, glycolate is promi-

2
nent amongvthe early labeled products (5). However, its formation occurs
iater than the.formation of 3-phosphoglycerate (PGA) and sugar phos-
phates (7, which are the first products of 002 f;xation in photosyn-
thesis and are intermediates of the reductive pentbse phosphate cycle

of photosynthesis (1). This is also true when 14C-—iabeled_glycolate is

formed by isolated spinach chloroplasts photosynthesizing with 14

002 (8).
Glycolate formation during photosynthesis is favored by low CO2 concen~
‘tration (19), high oxygen concentration (4), and high light intensity (17).
Once.formed, glycolate may be metabolized via a varijety of p§thways
[for review, see Tolbert (18)] including p#ths which'lead to photorespira-

tory CO, in higher plants. In some unicellular algae, such as Chlorella

2
Ezrenoidoéa, glycolate may be excreted into the sdspehding medium.
The mechanism whereby glycolate is formed from the intermediate
- compounds of the photosynthetic carbon reduction cycie remains in dispute.
Wilson and Calvin (19) suggested'that the glycolyl moiety transferred in
the transketolase-mediated reactions of the cycle might be oxidized to

glycolic acid. Dihydroxyethylthiamine pyrophosphate, the intermediate

in the transketolase-catalyzed reaction, can be converted to glycolate



Qith»ferricyénide (6). Moreover, Shain and Gibbsnti6) descriHedfa
recqnstituted preparati&n containing fragments of spiﬁach chloroplasts,
transketolase and cofactors which was capable of rapid conversion of
fructose—6—pHOSphate or dihydroxyethyl thiamine pyrophosphate to glycolate
in the light. | |
Sinéehphosphoglycolate is also seen upon the increase of concentra-
tion of 6%ygéh with pho;osynthesizing plants, Basshaﬁ'and Kirk (4) sug-
gested that the first step 1n the transformation of sugar phosphates
to glycdléte could be the oxidation of ribulose-l}é-diphosphate (RuDP)
to phoéphbglycolate. This would be followed by the conversion of phos-
phoglycolaﬁévfo'glycolate, which could be mediatedxby the active glycolate
phOSphatése found in chloroplasts (15). Recent findings that molecular
oxygen competitively inhibits ribuloSe.diphosphaﬁe carboxylase, the car-
Boxylation enzyme of the photosynthetic reductive pentose phosphate cycle
(12) led to proposals“that'RﬁDP is oxidatively splitbén the enzyme RuDPase
by oxygen, giving phosphoglyéolate and phosphoglycerate, instead of two
molecules of phosphoglfcerate normally formed by the carboxylation reaction.
There is considerable evidence that glycolaté’isiformed oxid;tively
from sugar phosphates (10,11,14,16), by one or the cher of these paths,
although there is also a question about whether the oxidant is oxygen,
a peroxide formed by reaction of oxygen with a primafy reductant, such
as reduced?férridoxin; or an intermediate in the oxidation of water
formed by thé photosystem 2 of the photoelectron transport path (l6).f
The present study was undertakén to assess the importance in vivo
of phosphoglycolate as an intermediate in glycolate formation. The
kinetic curves for thebappearance aﬁd disappéarance of RuDP, phospho-

glycolate and glycolate following the introduction of 100% O2 to
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Chlorella pyrenoidosa previously photosynthesizing with 14CO2 have been

determined;

EXPERIMENTAL

In some experiments, Chlorella pyrenoidosa were grown in a continuous

cul ture appa:atus aerated with 4% CO2 in air (2). A 0.3% suspension of

these algae was withdrawn, the algae were centrifuged from the culture

medium, and resuspended inlO—4 M KHZPO4 plus 10—-3 M _KNO3 to a v/v con-

centration of 1%. Sixty ml of this suspension were transferred to the
algae vessel of the steady-state apparatus (3). The pH was adjusted to

9.5 with 0,1 M HNO, and maintained by periodic automatic addition of 0.1 M

3

HN03. The temperature of the algae was kept at 20°cC. COZ (1.5 to 2%) in

air was bubbled through the suspension and the lights were turned on.
Cells were preilluminated in this way for about 30 min. During this time
the photosynthesis rate was tested and found to be about 18-22 ug-atoms

of carbon assimilated per minute per cm3 wet-packed algae (3).

The gas flow system was closed and lZ‘COZ added so that the concen-

2
The cells were allowed to photosynthesize normally for 11 min, by which

time the cycle intermediates had time to become "saturated" with,l4C02.

~ tration of CO, was about 1.5% with a specific activity of 15 uC/umole.

After 11 min,tﬁe system was.quickly flushed with 100Z oxygen. Samples
were takeﬁ Sefore the flushing with oxygen and were removed at short
intervals after the oxygen flush began.

These samples were killed in metHanol and were analyzed by paper
chromatography and radioautography (13). Radioactivity in each compound
. was determined using an automatic gas-flow Ceiger éounﬁer (13). In

four experiments, the period of flushing with_O2 was followed by a



. 9'.

period of;fluéhing with Nz, with times as shown in:thévfigurés.’ In
one of these experiments, alternéte éamples were killed in 80%% methanol
as usual, whiie the remaining samples were killed in 80% methanol to
which 100 gl 12 N HCl.(per 4 ml methanol) had beeﬁ added. In aﬁother of
thesg experimehts, alternate samples were killed in 507 methanol, 27%
formic acid;-énd 23% water. |

A second series of expefiments were performed uéiﬁg Chlorella .
' Ezrenoidosa groanqn air not enriched with C02. Eér this ﬁurpose the
algae aré gréwn in a low-form culture flask on a shaking apparatus in
a temperature-controlled bath with illumination thrbugh the transparént
bottom of the flask (2). A sintéfed glass bubbler'provides for better
aeration. Other conditions for culturing and for the.exposure té ;4C02U
in the steédyfstate.apparatus were as described abovevfor the algae
Géésing times and regimes are described with the

grown in 1.5-2% CQZ'

Results.

RESULTS

A compér£30n‘of the changes in levels of RuDP, Pjglycoiate, and -
_glycolate after the introduction of O2 (Figure,l)'shOWS that the RuDP

‘pool and thé phosphoglycoléte (PG) pool each increase rapidiy in amount
- andithén féil. vThe BC pool level tends to follow the level of the RuDP
pool, and peaks about 90 sec/aftér the peaking of the RuDP pool. This
'is clearly consistent with the idea that PG formatioﬁbdepends on O2 and
RuDP concentration. Since the only . likely fate of PG is its conversion

to glycolate, this suggests that‘some of the glycolate is formed by

the sequence RuDP + PG + glycolate.
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The formation of glycolate, however, does not seem to be'totally
_ dependent on the prior formation of PG. The rate of formation of glyco-
late seems only partly to.depend on the level of PG. Thus, it appears

that some of the O,-stimulated giycolate production may be proceeding

2
independentiy of the formation of PG. This qualifative impression of the
relation between PG’lével and rate of glycolate produétion is further
borne out by an attempt at evaluation of kinetic rate constants (see‘
Discussionj;

Among other effects of the addition of O2 (and removal of COé)
were the following: |

The levels of 3-phosphoglycerate dropped sharply while the levels
" of glucose;6ﬁphosphate'plus sedoheptulose—?—phosphafe (HMP) and of
fructose—6-phosphate (not shown) first dropped and tben rose (Figure 2).

The.lével_of sucrose begins to decline soon after the addition of
02, sdggéstiﬁg'fhat this reserve sugar is mobilized'to supply carbon
to the cells' metabolism (Figure 4). The later rise in levels of
hexose monoph§Sphates, following the initial drop, alsc suggests that
carbon flows into the reductive pentose phosphate cycle from endogenous
sugars. Thisv;ppears to be some Rind of compensatory regu}atory
mechanism to keep the chloroplasfs “primed" for the return of COZ'
Thisvmechanism keeps the RuDP level from dropping below its steady-
state level during the time of the experiment, in spite of the conversion
of RuDP to gl'yco.late.

: The levels of several amino acids including alanine dropped, while

the level of glycine rose (Figure 4). This rise in glycine level may

. Indicate that some of the glycolate is metabolized via glydxylate to give

glyéine.
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An anelysis.of these kinetic curves for PG;'RuDP, and glycolate
concentratiohs>as shoﬁn in Fighre 1 suggested tﬁat,the rate of glycolate
formation changes substantially dering the first 2 mieutes of O2 gaseing
(Diseussidn). Therefore, we decided to attempt to evaluate the rate of
PG hydrolysls under a set_of_conditions under whicH-PG formation should
have stopped. The sequence of gas changes was altered to include a second
‘change fromeIQOZ O2 to lOOZ'N2 after 3 min, when phosphoglycolate is
is required fer the formation of phospho-

2

still at a high level. Since O
.glycolate from RuDP, we reasoned that the disappeerance rate of phospho-

glycolate after a few seconds of N, flushing would represent the absolute

2
rate of phoéphoglycelate hydrolysis. Presumably this. rate should be
:dependent on bhosphoglycelete COncentration. \Provided that the rate
constant for the hydrolysis of phosphoglycolate remains constant during
zvend'the time they are with NZ’ the rate

of hydrolysis of phosPhoglycolate at a given concentration of phosphoglyco-

the time the algae are with O

late_during'the N regime should be the same as the rate of hydrolysis

2

during the 0, regime.

2

The concentration of phosphoglycolate in this experiment (Exp. 2,
Figure 5 and Table I) was the same at 11.3 min as,it'was at 13.8 min,
and the rates ef_phOSphoglycolate disappearance at 13.8 min thus can
be compared with fhe fate of‘glycolate formatien at 11.3 min. The rate
of disappeafance of ph03phogiycolate at 13.8 min was 0.705 pg-atoms per
' _m:Ln/cm3 algae (Table I).. The rate of glycolate appearance at 11.3 min

.‘was,2.5 g-atoms -per minute and represents a lower limit fer the rate
of formation of glycolate at that time, since there is apparently some

metabolism of glycolate, though at a much slower rate than its formation.
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In another experiment, with similar conditions to those just described
) min .
(Exp. 3, Table I), the rate of appearance of glycolate at 11.3/and of disap-

pearance of phosphoglycolate at 13.8 min were comparable to the values just
given. In Exéeriments 4 and 5 (Table I) the 02 was replaced by N2 after
~only 2 mip‘ In Experiment 4, the rate of‘disappearance of phosphoglyco-
late was Somewha; higher, but still well below the r#te of appearance of
glycolatg at 11.3 min, the time of the samé PG concentration during 02

_gassing.

No additional PG was detected in samples killed with methanol plus

" HC1 or with methanol and formic acid (27%).

4

With air-adapted algae, photosynthesizing in 0.05% 1 02, there is

a measurable rate of appearance of glycolate and a measurable steady-state
lével of phosphoglycolate before the addition of 1007 02 (Figure 6).

After the air and 14CO2 is replaced by 1007 02, the rate of

appearance of both PG and glycolate increases. However, the rate of
appearance of glycolate is much less than it was in the algae switched

from 1.5% 1466 to 100% 0,. It is clear that the rate of appearance of

2

glycolate‘after the switch to 100% O, is much greater in relation to PG

2
concentration than before (Table II), but this is possibly misleading,

since the rate of both formation and utilization of glycolate may change

when 0.05% laCO in air is replaced by 02. The data do suggest once

2
again that PG concentration is not very dependent on glycolate concen=-
;:ation.

| When'algae photosyﬁthesizing in 0.05% 14CO2 are switched first to
02, and then.after 3 min to N2 (Figure 7), it can ﬁe seen that the rate

of glycolate utilization is in this case significént compared to rate of
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appearance of glycolate. Thus, in O2 glycolate increased at a rate of

+0.26 ug—atpms per miﬁ_cm3 algae. During the first minute in NZ’ the
glycoiate concentration dropped at a rate of 0.60 ug-atoms pef minute.
If we assume that this rate of decrease in glycoléte-dgring the first
minute in.Nz represents a lower limit for the rate‘df.g1§colate utili-~

zation in 02,.then the total rate of formation of'glycolate in O, was

2
at least 0,26 -(-0.60) = +0.86 ug—atoms per min cm3 algae. This is

to be compared with a rate of disappearance of PG in the first minute

in N2 of 0.22 ug-atoms per min,cm3'algae.

'DISCUSSION
.Although the rise and fall in phosphoglycolate concentration follows
closely after thé rise and fall in RuDP concentration (Figure 1), it is
not likely that the rate of PG formation is linearly dépendent on RuDP
concentratioh if the enzyme ribulosediphosphate carngylase is catalyzing

the conversion of RuDP to PG in the presence of O The enzyme is. normally

9°
saturated with respect to RuDP under conditions of normal in vivo photo-

synthesis, and the level of RuDP goes still higher when the 02 gassing

commences, due to rémoval of CO Thus the rise and fall in PG concen-

2"
tration is taken as an indication of a changing rate of conversion of
enzyme-RuDP complex to phosphoglycerate and phosphoglycolate in the

presence of 02.
The increase in rate after the onset of 02 gassing is easily

explainable as being the result of several seconds being required for the

effective dissolved concentration of 02 to rise as a result of the switch

from atmospheric O, to 100% 02.. The subsequent fall in the level of PG

2

we attribute to a decreased rate of formation of PG resulting from some
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change in thevactivity of the enzyme. It has been found that the car-
boxylation activity of the enzyﬁe greatly decreases (presumably as the

result of conformational change) when the enzyme is presented with RuDP

"in the absence of CO2 (9)f We suspect that this change, which must occur .
when the Oz-gassing takes place, also inactivates ;he enzyme with respect

to the oxidative reaction.

Given tﬁe low concentration of PG, and the highvreported activity of
the enzyme glycolate phosphatase (15), it seems reasonable to suppose
that the rate of hydrolysis of PG exhibits first order dependence on PG
concentration under the conditions of our experiments. This assumption
isvimplicit in our comparison of the rate of diéappéarande of PG under
' N2 in Experiments 2 to 5 with the maximum rates of appearance of glyco-

late in thoée.experiments. We wish to use this assumptiOn also in the
analysis of the PG and glycolate éurves in Experiment.l (Figure 1).

Thefe are two points in Experiment 1, Figure 1, at which the rate

of change of PG concentration is at least momentarily zero. These are

at 13.5 min, when the PG concentration is 0.98 ug-ator s of 14C, and

again at 20 min, when the PG concentration is 0.33 pg-atoms of 14C. Let
us make the‘assumption that at each of these two points the rate of
hydrolysis of PG (equal to its rate of formation) is given by k(PG). Let
us make the second assumption that glycolate formation is given by K + k(PG).

% 14 1 14 1-
This rate experimentally is +3.00 ug-atoms ~ 'C min - and +1.9 dg-atoms =~ C min
at 13.5 min and at 20 min reépectively. Solving the two simultaneous .
equations for these two times, we get K = 1.34 Ug-atoms 14C ﬁin—l and k =

1.7 min_l. In other words, rate of glycolate formation = 1.34 + 1.7-[PG].

Thus there would be formation of glycolate by a pathway independent of



‘either in 1.5% CO

(CORRECTED PAGE)
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phosphoglycolate at a rate of 1.34 yg-atoms min-1 and formation as the
result of PG formation and hydrolysis at rates varying from 1.7 pg-atoms
min_1 when PG formation is maximal to 0.56 ng-atoms 14C mih_l at 20 min.

These values may be compared with the results for Experiments 2
through 5 where the measured rates of PG disappearance varied from 0.4
to 0.9 ug—atbms min-l, and the calculated values for k varied from 2.0

N

to 2.6 (Table I). Considering these measurements and-calculationé for

* Experiments lvthrough 5, it appears that under the conditions of 02

gassing of Chlorella previously photosynthésizing in l{SZ C02, glycolate
formation- takes place both by way of phosphoglycolate (presumed to be
formed by qxidation of RuDP)_and by an independent pathway, which may be
the oxidation of sugar monophosphates. During the first 90 sec of O2
gassing, the pathway vié phosphoglycolate may account for one-half or
more of the glycolate formation, bpt during a subsequent period the rate
of forﬁation of the phosphoglycolate decréases, and this foute_to glycolate
accounts for oﬁly_about a third of the glycolate formation.

It ﬁili»be noted that ﬁo allowance has'beén made for the conve;sioh
of glycolate to other matabolic products, despite the evidence (glycine
formation, Figure 4) that such conversiqn does occur. The actual rate
of formation of glycolate is the sum of the rate of its appearance plus

-

the rate of its conversion, so that even less of the total glycolate

" production can be accounted for in terms of phOSpHoglybdlate hydrolysis.

To summarize, it appears that with Chlorella, photosynthesizing

5 Or in air, addition of 1002'02 results in a rapid

formation of phosphoglyéolate which is converted to glycolate, but that
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only about one-third to one~half of the glycolate formed as a result of
02 addition is formed by this route. The remaining glycolate formation
may be the result of the oxidation of sugar mondphosphates. The rates
of formation of both phosphoglycolate and glycolate appear to be about
four times greater when the algae had been photosynthésizing in 1.5% CO

2
than when they had been photosynthesizing with air,
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Table I. Rate of Appearahce.of Glycolate in 02 Compared with Rate of

Disappearance of Phosphoglycolate in N2

In'Expér;ment 2, rate of glycolate appearance was measured at 11.3
min‘whilé rété of PG disappearance was at 13.8 min (see Figurels).
Comparable measurements were madelin Experiment 3.. In Experiments 4 and
5, O2 was admihistered forFZ min instead of 3 min. R;tes were again
measured at-poipts on the curQe where PG concéntrapion was the same in
02 and iq NZ‘ .In all casesvrate of disappearance of PG was measured
where it was maximum. Steady—state rates of CO2 ﬁptake, prior to O2
flushing, were from 18 to 23 .  umoles C02/min éh3‘algae. See text

for disgussion of k.

Experiment d(glycolate)/dt - ,
_ - d[pPG]/dt  k = Qﬁ%gl/[PG]

[Lg-atoms 14C/min cm3 algae]

2 (Fig. 5) +2.5 -0.87 ' 2.5

3 +2.7 - -0.40 2.0
4 | +3.2 | -0.90 . 2.7

5 . +3.0 O -0.75 2.3
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Table II. Rate of Appearance of Glycolate Compared with Leyel of

Phosphoglycolate

Rates are calculated from slopes of curve shown in Figure 6 at the

indicated times.

Time g
Condition [PG] d(Glycolate)
(min) ' : : dt
[ug-atom 14C/¢m3] [ug-atom 14C/min-cm3 algae]
o 14
17 0.05% CO2 in air 0.100 .0115
21 100% 02 0.256 434

34 100% 02 0.125 - 2324
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" FIGURE CAPTIONS

Fig. 1. Effect of 100% 0, on levels of labeled RuDP, PG, and

vglycolate in"Chlorella pxyépoiddsa after photosynthésis with 1.5%

14
COZ.

Figniz._ Effect of 100% O, on levels of 3—pho$phog1ycerate (PGA)

2

 and sugar monophosphates in Chlorella pyrenoidosa after photosynthesis

14C

with 1.5% “*co

2°

Sugar'monophosphates include glucose~6fphosphate and sedoheptulose-

7-phosphate.. ‘ ' ‘ \

Fig. 3. Effect of 100% 02 on levels of sucrose and uridine diphos-

phoglucose in Chlorella'pyrenoidosé after photosyﬁthgsis with 1.5% 14C02‘

Fig. 4. Effect of 100% 02 on levels of alanine and glycine in

Chlorella pyrenoidosa after photosynthesis with 1.5% 14C02.

Fig, 5. Effect of 100% 02 for 3 min followed by 100% N2 on levels

of labeled RuDP, PG, and glyéolate in Chlorella pyrenoidosa after photo-

synthesis with 1,5% 14COZ.

Fig‘;6; . Effect of 100% O, on levels of RuDP, PG, and glycolate in

2
14

_'ChloxellévpyrenOidosa after photosynthesis with 0.05% C02Q

Fig, 7. Effect of 100% 0, for 3 min followed by 100% N, on levels

of labeled RuDP, PG, and glycolate in Chlorella pyrenocidosa after photo-

synthesis with 0.05% 14COZ.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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