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Glycolate Stimulation of Oxygen Evolution During Photosynthesis’
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Abstract. Glycolate and glyoxylate stimulated 100 9% to 300 % the rate of oxygen evolution
by Scenedesmus in the light in the absence of added carbon dioxide. This stimulation occurred
either aerobically or anaerobically, and was sensitive to CMU. Aerobic dark respiration was
stimulated 25 9% to 100 9% by glycolate. This phenomenon was best demonstrated with
synchronized Scemedesmus at the stage of cell division. For glycolate stimulation of oxygen
evolution, a dark preincubation of 1 minute or less was necessary. In comparative test with
other compounds of metabolism and photosynthesis, the stimulation of oxygen evolution was
greatest by glycolate and glyoxylate. In a proposed scheme glyoxylate serves as a terminal
hydrogen acceptor from NADPH produced by photosynthesis, and it thereby stimulates oxygen
evolution when carbon dioxide is not available. Transformation of glycolate to glyoxylate in
these cells would have to occur in the absence of oxygen.

Similarities between photosynthetic electron trans-
port and glycolate biosynthesis and metabolism have
suggested that the 2 processes may somehow be
directly related (18). Manganese deficiency prefer-
entially inhibits oxygen evolution by algae (10) as
well as glycolate formation by algae (8,17). Glyco-
late formation occurs only in the light (9,18). This
is in contrast to some compounds of the photosyn-
thetic carbon cycle which are formed in the dark for
short periods of time after illumination ceases (14).
Formation of large amounts of glycolate during
photosynthesis in a high light intensity and high
oxygen atmosphere, suggests that glycolate formation
may be necessary to maintain in a reduced state some
autooxidizable component of the chloroplast.

It has not been possible to evaluate directly the
effect of added glycolate on photosynthesis or O.
evolution with higher plants because of the immense
activity of glycolate oxidase. More recently we have
realized that respiration of random cultures of several
algae was not stimulated by glvcolate and that the
form of glycolate oxidase previously described for
higher plants was not detectable in the green uni-
cellular algae which were examined (8). Never-
theless algae in the light biosynthesize and excrete
large amounts of glycolate (9.19), which makes it
difficult to study the effect of added glvcolate.
Alterations upon addition of glvcolate could best be
tested when both the photosynthetic production of
glycolate by the algae would be minimum. and when
the algae could absorb the compound. These con-
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ditions appear optimum with synchronized cultures
at the time of cell division or immediately afterwards
(4,9). In this report we describe the effect from
addition of glycolate to these dividing cells.

Experimental Procedures

Algae. Stock cultures were obtained from the
University of Indiana collection. Awnkistrodesmus
oraunii (Naeg) Coilins, number 245, and Scene-
desmus obliguus (Gaffron D-3), number 393 were
grown in 1 L batches of Medium V of Norris et al.
(13) in 28 L low form Fernbach flasks. Cultures
were aerated with 0.1 to 0.2 9% CO, in air and shaken
at 60 cycles per min. Illumination of 1100 ft-c was
obtained from Sylvania Gro-lux lamps and the tem-
perature was maintained at 30° = 1°. The algal
life cycle was maintained at 16 hr light and 8 hr
dark. After each dark period the Scenedesmus were
diluted 1 to 8 and the Ankistrodesmus 1 to 4. For
experiments algae were harvested by centrifugation
at 1000g for 5 to 10 min, washed once with a small
amount of distilled water and recentrifuged in gradu-
ated test tubes to measure cell volume. Usually a
49 v/v suspension of algae in 0.02 M phosphate
buffer (pH 6.5) was prepared which gave a final
suspension in the assay of 2.7 9% cells. All cultures
were examined microscopically before running an
experiment.

Measurement of O, Exchange. Measurements of
O, exchange at 27° were made on a Gilson Differen-
tial Respirometer, photosynthesis model with photo-
flood lamps which delivered approximately 1000 ft-c
to the algae. Flask contents were 2 ml of the cell
suspension and 0.5 ml of H,O or other additions in
the main part of the flask and 0.5 ml of 0.02 M
substrate in the side arm. In most experiments CO,
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was removed by 20 9 KOH with a filter paper wick
in the center well. When NaHCO, or CO, was
used, the KOH in the center well was omitted. O.
exchange was also measured polarographically using
a Clark oxyvgen electrode. A\ 19 suspension of
cells in phosphate buffer was stirred, and illuminated
with approximately 1000 ft-c from 2 photoflood
lights. Two cells with clectrodes were used simul-
taneously; 1 recorded the blank and the other con-
tained algae with glycolate. Results obtained with
the polarograph were quantitatively the same as with
the respirometer. In anaerobic experiments the
flasks were flushed with prepurified N, for 20 min
in the dark and then the manometers were closed
and glycolate was added from the side arm. Dark
incubation was continued for 3 additional min while
the manometer pressure stabilized, after which time
the lights were turned on and O. evolution measured.
Light intensity was varied by neutral density filters
of sheets of exposed film whose absorption spectra
was constant between 400 and 700 nm.

Results

Stimulation of O, Evolution. Addition of glyco-
late (3.3 M final concentration) to a 2.7 9, suspen-
sion of Scenedesmus (harvested immediately after
cell division) in 20 my phosphate at pH 6.5 stimu-
lated the rate of dark respiration 23 to 100 % as
measured by oxygen uptake (fig 1). Upon the
addition of 1000 ft-c of white light. a 100 to 300 9%
stimulation of oxygen evolution occurred as com-
pared to controls without substrate. The length of
time that this stimulation continued varied among
the algal preparations. It usually lasted 10 to 135
min after which the stimulated rate decreased to
about 25 9 above the controls. With excess glyco-
jate (as provided by 3.3 pd). the phenomenon was
reproducible upon repeating the dark period fol-
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Ire. 1, Effect of glycolate on O, evolution in light

and O, uptake in the dark by Scenedesmus.  Each flask
contained 3 ml of a 2.7 g, suspension of synchronized
cells at the stage of cell division in phosphate buffer at
pH 6.5 and = 3.3 X 1072 i glycolate.

lowed again by light (fig 1). In fact, during the
second and third dark-light cycle the stimulation of
O, evolution in the light with glycolate became more
pronounced with those preparations in which a weak
initial stimulation had been observed.

A period of dark respiration before photosynthesis
was necessary in order to observe the light dependent
stimulation of oxvgen evolution. When the length
of the dark period was varied between 1 min and
30 min the same amount of stimulation was observed.
Thus only a short dark period of 1 min or less was
necessary to obtain maximum stimulation. These
data indicate a rapid saturation of the intermediate(s)
involved in this phenomena.
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F1c. 2. CMU inhibition of glycolate stimulation of
oxygen evolution in the light. Experimental conditions
were similar to those in figure 1 except that 6 X 1076 ar
CMU was added. glycolate ; — — — glycolate
+ CMU. ........ control; ----- control 4+ CMU.

Effect of Light Intensity and CMU. 1In order to
ascertain whether the increased oxygen evolution
was due to enhanced photosynthetic electron flow
the effect of the inhibitor of photosynthesis, CMU
(3-p-chlorophenyl-1,1,dimethylurea), at 6 X 107 M
final concentration was tested. As shown in figure
2, the stimulation of oxygen evolution by glycolate
was completely inhibited by CMU. No inhibition of
the glycolate stimulated dark respiration by CMU at
this concentration was observed. These data indicate
that the ohserved stimulation in the light was due to
enhanced photosynthetic electron flow.

With increasing light intensity there was an in-
crease in the rate of oxygen evolution by the algae
with or without glvcolate (table 1). The mano-
metric values as given are not corrected for respira-
tion. Values in parenthesis are the sum of the
measured dark respiration and light dependent oxygen
evolution and indicate the maximum possible rate of
O, evolution in the light. DBy either set of values
the rate of oxygen evolution increased with increasing
light intensity. but the stimulation of oxygen evolu-
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Table I. Effect of Light Intensity on Stimulation

of O, Evolution

Experimental conditions are outlined in Experimental
Procedure and figure 1. Values are manometric readings
and are the average of 2 flasks. This experiment rep-
resents the maximum rates observed in 4 trials with
different batches of algae. Values in parenthesis are
calculated as the sum of the dark respiration plus the
rate in the light.

No With Glycolate
Light glycolate glycolate stimulation
ft-c wl O, exchange/10 min
0 —24 —35 —11
380 +14 (38) +35 (70) +21 (32)
750 +29 (53) +354 (89) +25 (36)

tion attributable to glvcolate was mnearly constant.
This observation that the stimulation of oxygen
evolution by glvcolate was not related to light inten-
sity between 380 and 730 ft-c indicates that either
the phenomena was saturated at a low light intensity
or that the glycolate effect was a dark reaction.

Anaerobic Conditions. When the cells were made
anaerobic by dark incubation under nitrogen, the
stimulation of oxygen evolution in the light by
glveolate still vccurred (fig 3). Because the cells
were anaerobic for 20 min before adding the glyco-
late and turning on the lights, the stimulation was
probably not linked to aerobic respiration. such as
oxidation of glvcolate to glvoxylate by a form of
glveolate oxidase requiring oxygen.

Bicarbonate Effect. Addition of 1 mm NaHCO,
to the Scenedesmus cells stimulated O. evolution in
the light to a maximum value. Similar results were
obtained at pH 6.5 in phesphate buffer with an
atmosphere of approximately 0.6 9 CO, as generated
by a NalICO,-NaCO,-arsenite mixture in side arms
of the Warburg vessels (7.21). Stimulation of O,
evolution by glveolate as described in the previous
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Fic. 3. Stimulation of O, evolution under anaerobic
conditions.  Experimental conditions were similar to

those in figure 1, except that the flasks were gassed with
N, for 20 min before adding glycolate.

sections was generally about 50 to 66 9 of the
maximum rate obtained with NaHCO,. The stimu-
lation of O, evolution by NaHCO, and by glycolate
were not additive. As will be discussed later, the
glycolate stimulation was probably not due to its
prior conversion to CO,. In the presence of suffi-
cient CO,, adequate glycolate production by the
cells from photosynthesis may occur, even though
excess glycolate is not excreted. Thus no further
stimulation from added glycolate would occur.

Dark Respiration. Glycolate stimulated the rate
of dark respiration with Scenedesmus if the cells
were harvested during the stage of cell division.
Little or no stimulation was observed when cells
were collected during the other stages. As shown
in figure 1, respiration was stimulated 25 to 100 %.
To our knowledge, this is the first report of glvcolate
stimulating dark respiration by unicellular green
algae.

Table II. Comparison of Different Substrates for
Stmulation of O, Evolution and Respiration
Data arc expressed a ratio of activity with each
substrate as compared with glycolate. Final substrate
concentrations were 3.3 mM and rates were corrected for
controls without added substrates.

0, evolution
in light

O, uptake

Substrate in dark

Activity ratio as substrate/glycolate
Organic Acids

Glyoxylate 1.0 1.0
Acetate 0.5 23
P-Glycolate <0.1 <0.1
Lactate 0.2 1.0-12
Formate <0.1 0.5-1.0
Glycerate 0.5-0.7 0.5-1.0
3-P-Glycerate 0.5-0.7 0.5-1.0
Amino Acids
L-Serine 0.5 1.0
Glycine 0.5 1.0
Sugars
p-Glucose 04 2.0-3.0
p-Ribose 0.2 0.3
p-Fructose 0.2 0.8

Substrate Specificity and Concentration. Glyco-
late and glyvoxvlate were equally effective in stimu-
lating oxygen evolution and respiration (table I1).
In this paper we have referred to the phenomena as
being caused by glycolate. While the actual effector
might be glycolate or glvoxylate the relatively large
amounts of glycoiate formed n photosyvnthesis (18)
leads us to consider glycolate of primary importance.
Further glvoxylate could have been reduced to glvco-
late, since the algae contain both NADH and
NADPH glyoxylate reductase (2). No other or-
ganic substrate has to this date been tested which
stimulated oxygen evolution in the light to the same
extent as did glycolate and glyoxylate. It was pre-
sumed that other compounds entered the cells since
they stimulated respiration. Acetate and gluccse
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stimulated dark respiration better than glvcolate or
glvoxylate, but were less effective than glycolate in
stimulating oxygen evolution. These data indicate
that the glycolate effect was not one of general res-
piration where increased carbon dioxide production
caused enhanced oxvgen evolution rates.

Organic substrates biochemically related to glvco-
late such as P-glycolate, glycine, serine. glycerate
and lactate were also less active (table II). Though
not exhaustive this list suggests that the effect of
glycolate or glyoxylate is rather specific for stimu-
lating oxygen evolution. It is of interest that 3-P-
glvcerate was the second most active effector of
stimulated oxygen evolution. Walker and Hill (20)
have reported that 3-P-glvcerate reduces the lag
period for carbon dioxide fixation and oxygen evo-
lution by isolated chloroplasts. In their case 3-P-
glycerate probahly resulted in the build up of photo-
synthetic carbon cycle intermediates which had bheen
lost in the isolation of the plastids.

Stimulation of O. evolution by a suspension of
27 9 Scenedesmus cells was maximum between
102 and 107 M final concentration of glvcolate. At
10+ and 107" M stimulation was reduced 10 to 23 9,
and at 1 M glycolate, both dark respiration and O,
evolution in the light were severely inhibited even
in the presence of NaHCO..

Condition of the Algae. In order to observe good
stimulation of oxygen evolution and respiration by
glycolate it was necessary to use cells at the stage
of division or immediately afterwards. from syn-
chronized cultures of Scenedesmus or Ankistrodes-
mus. Generally cell division occurred 2 to 6 hr
after the beginning of the dark period. While some
stimulation of oxygen evolution has been observed in
a few cases at other stages of cell growth, only the
stage of division or immediately following gave con-
sistent and reproducible results. Successful experi-
ments have not been achieved with Chlorella, which
were not fully synchronized.

Tt appears that at the stage of cell division and
immediately afterwards there is something unique
about the algae that results in the measurement of
glvcolate stimulation of oxvgen evolution and res-
piration. Other observations indicate that metabolic
changes relating to glvcolate metabolism and photo-
synthesis occur during the stage of cell division.

2 H,0
2
\ /
Photosynthetic
Electron Transport

H20 + %Oz / \\ NADPH + H* /\ Glyoxylate /\ H0,

v

ATP

NADP* v\ /7

Reductase

Chang (+4) found glycolate synthesis at this stage to
be minimum when compared to the entire life cycle
of both Scenedesmus and Ankistrodesmus. Exoge-
nously added glycolate is assimilated primarily at
this stage of the life cycle (Nelson and Tolbert un-
published). Senger and Bishop (16) have observed
that, in synchronous cultures of Scenedesmus, photo-
system II drops in efficiency during the stage of
cell division.

Discussion

Carbon dioxide acts as the natural electron ac-
ceptor for the NADPH produced by photosystem 1.
As mentioned its presence in the medium greatly
enhanced oxygen evolution and completely eliminated
the glyvcolate stimulation. Nitrate has also been
shown to accept electrons from photosynthesis and
to stimulate oxygen evolution in the absence of
carbon dioxide (5). Glyoxylate has been shown to
enhance electron flow in isolated spinach chloroplasts
by serving as an electron acceptor for NADPH (1).
as catalyzed by glyoxylate reductase. With glycolate
and glyceolate oxidase a cyclic process could occur
that would stimulate electron flow in the absence of
CO,. This Mehler type of reaction (11). as shown
in figure 4 with O, as terminal electron acceptor,
would not enhance net oxygen evolution, however,
since glycolate oxidase would utilize an equivalent
amount of oxygen for each glyoxalate produced. A
cyclic process such as this has been suggested for
Chorella by Butt and Peel (3) and for higher plants
by Asada et al. (1) and Zelitch and Walker (22).

While the explanation given in the previous
paragraph could account for the data observed for
glvoxylate with the algae which have no glycolate
oxidase, it will not account for the data observed
with glvcolate. The observation, that the stimula-
tion of oxygen evolution by glycolate occurs under
anaerobic conditions, indicates that oxygen is not
necessary for the formation of the active species, if
it were glvoxylate. The presence of an enzyme
linking the oxidation of glvcolate to glyoxylate with
oxvgen has not been observed in algae (8). Previous
work indicates that glycolate metabolism occurs an-
aerobically in Scenedesmus (15). Products of the

Glycolate (o]
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Oxidase |
(dehydrogenase) 2
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;ﬂ
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F1c. 4. A proposed scheme to account for glycolate stimulation of oxygen evolution.
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glycolate pathway, glycine, serine, and P-glycerate,
were produced during dark anaerobic glycolate-1¢C
assimilation (15). Thus it appears that glvcolate
oxidation may occur in Scenedesmus, but that it is
not necessarily linked to oxygen. For this reason, it
is probable that glycolate is oxidized anaerobically in
these cells to glyoxylate, which in turn is reduced
by NADPH produced photosynthetically, thereby
stimulating oxygen evolution. In the oxidation of
glycolate, the ultimate, hydrogen acceptor in lieu of
oxygen is not known. Some time ago Kolesnikov
et al. (12) indicated that quinones could act as
acceptors for glycolate oxidation to glyoxyvlate.
Such an oxidation might effect the oxidation reduc-
tion level of quinones in the photosynthetic electron
transport chain, and therefore indirectly rates of
oxygen evolution.

Labeling data of Schou et al. (15) indicates that
glycolate passes through the glycolate pathway and
into the Krebs cycle when experiments were done
aerobically. Therefore glycolate stimulation of dark
respiration is most likely due to enhanced mitochon-
drial respiration. Respiration in the dark was stimu-
lated equally by both glycolate or glyoxylate (table
IT). If glycolate oxidation to glyoxylate involved
oxygen uptake an enhanced rate of oxygen uptake
over glyoxvlate would have been expected. but this
was not observed.

The importance of these phenomena in nature
has not been evaluated. Glycolate concentrations in
natural waters have been determined to be in the
range of 0.1 mg to 1.0 mg/liter (6). While this
concentration is below the amount used in this in-
vestigation, an extremely high algae concentration
of 2.7 9, was used. Reabsorption of excreted glvco-
late can occur in natural populations of algae in the
light (6). Thus the possibility exists that glvcolate
under conditions of low CO, occurring in nature
might stimulate oxygen evolution. This process
would give the cells a method of making ATP by a
non-cyclic process when no other natural electron
acceptor was available.
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