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ABSTRACT

The influence of pH upon the 02 inhibition of 14CO2 photoassimila-
tion (Warburg effect) was examined in intact spinach (Spinacia olera-
cea) chloroplasts. With conditions which favored the Warburg effect, i.e.
rate-limiting CO2 and 100% 02, 02 inhibition was greater at pH 8.4 to
8.5 than at pH 7.5 to 7.8. At pH 8.5, as compared with 7.8, there was an
enhanced 14C-labeling of glycolate, and a decrease of isotope in some
phosphorylated Calvin cycle intermediates, particularly triose-phos-
phate. The '4C-labeling of starch was also more inhibited by 02 at higher
pH. The enhanced synthesis of glycolate during 14CO2 assimilation at
higher pH resulted in a diminution in the level of phosphorylated inter-
mediates of the Calvin cycle, and this was apparently a causal factor of
the increased severity of the Warburg effect.

The '4C-labeling profiles have been interpreted in terms of a "CO2"-
sensitive as well as a "C02"-insensitive mechanism for glycolate synthe-
sis. Both mechanisms functioned optimally at the higher pH and both
responded to 02-

Many hypotheses have been proposed to explain the Warburg
effect or the inhibition of CO2 photoassimilation by 02 (7, 17).
One popular explanation is based upon an enhanced synthesis of
glycolate in response to 02 resulting in a diminution of ribulose-
1,5-diP4 generation (2, 3, 5). The consequence would be a
decreased CO2 uptake. Hitherto, attention has been addressed
in both whole plants and isolated chloroplasts to glycolate yield
and RuDP generation in terms of the concentration of CO2 and
02- It has been well established that glycolate levels are directly
related to 02 but inversely to CO2 (5, 7, 15, 19).
There are recently published reports indicating that the pH of

the reaction solution must also be considered a factor in glyco-
late yields. During photosynthesis under optimal conditions, i.e.
saturating levels of CO2 in air, pH 8.5 in contrast to 7.5 in-
creased glycolate yields in intact algal cells (4, 11) and in algal as
well as spinach chloroplasts (4, 10). In all of these investigations,
the effect of pH was monitored at only one concentration of CO2
and 02. The purpose of the present investigation is not only to
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evaluate the effect of pH on glycolate yield when the CO2 and 02
concentrations were varied, but also to examine the influence of
pH of the reaction mixture upon the Warburg effect in the
isolated intact spinach chloroplast. A preliminary account of this
investigation has appeared (16).

MATERIALS AND METHODS

Plant Material. Spinacia oleracea was propagated in a con-
trolled environment chamber as previously indicated (15). Addi-
tionally, spinach plants were propagated from seed in a 66:34
mixture of sterile commercial potting soil-Terralite vermiculite,
irrigated with commercial Rapid-Gro fertilizer solution (weekly
at approximately 3.5 g/l), and allowed to mature in the green-
house (September to May). Varieties of S. oleracea used in-
cluded Virginia Savoy, Winter Bloomsdale, and Bloomsdale
Long Standing. All seed lots were purchased from Agway, Inc.

Intact Chloroplast Isolation. Intact chloroplasts were prepared
from 5 to 10 g of deveined spinach leaf tissue and Chl was
measured by previously published procedures (8). The pellet
which resulted from the final centrifugation, and which con-
tained intact chloroplasts, was resuspended in 2 to 3 ml of the
homogenizing medium (at 5 C). This preparation contained 40
to 100 ,ug Chl/0.10 ml. The homogenizing-resuspending me-
dium contained 0.05 M HEPES (pH 6.8), 0.33 M sorbitol, 1 mM
Na4P207, 2 mm EDTA, 1 mM MgCl2, and 1 mm MnCI2.

Plastid 14CO2 Assimilation. Light-dependent 14CO2 assimila-
tion was carried out at 25 C in 1- to 2-mI reaction mixtures
containing 0.05 M HEPES at pH 7.5 to pH 8.4, or 0.05 M
Tricine at pH 8.4 to pH 8.5, 0.33 M sorbitol, 1 mm Na4P207, 2
mM EDTA, 1 iM MgCl2, and 1 mm MnCl2. The mixtures were
brought to the appropriate pH with 12 N NaOH. The mixtures
contained 30 to 50 gg chloroplast Chl/ml. The effects of 02 and
pH upon chloroplast photosynthesis were identical regardless of
whether reaction mixtures were buffered with HEPES or Tricine
buffer. The pH of each mixture was established by inserting a pH
microelectrode unit into the complete reaction mixtures includ-
ing plastids. The reaction mixtures contained 0.47 mm to 5.47
mm total "CO2" and 40 ,uCi 14C/ml. The concentration of
dissolved CO2 in the reaction mixtures was computed as a func-
tion of pH at 25 C employing the rate constants for CO2 hydra-
tion and HC03- dehydration reported by Gibbons and Edsall
(6).
The reaction mixtures were aerated before and during the

plastid photosynthesis period with 100% 02 (approximately 1
mm in solution), 21%02 (approximately 0.25 mM 02 in solu-
tion), or 100% N2. The gas streams were passed through water
and soda lime filters prior to their entrance into the reaction
solutions. The gases were passed into the reaction mixtures
through plastic straws.

Photosynthetic '4CO2 assimilation was assayed in a system
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which was previously described (15) with saturating incident
light intensity from one side of the reaction tube measured to
have a value of 1050 w/m2. Aliquots of 0.1 to 0.2 ml were taken
from the mixtures as a function of time increments, instanta-
neously added to 20 ,lI of 12 N HCI, and the resulting acid-
stable, total '4C-labeled intermediates were measured with gas
flow-end window detection as previously described (15). Meth-
ods for computation of '4CO2 assimilation kinetic data employed
have been reported previously (8).

Products of Photosynthesis. Acid-stable, "4C-labeled interme-
diates synthesized after 10 to 12 min of assimilation were sepa-
rated and identified employing one-dimensional descending pa-
per chromatography on Whatman No. 1 paper. The chromato-
grams were developed one dimensionally using Wood's GW3
solvent (15); autoradiography of chromatograms and other tech-
niques used for product identification were similar to those
previously reported from this laboratory (15). Except for "4C-
glycolate, excised areas of the chromatogram containing the
products or groups of products were placed in scintillation vials
with 15 ml of fluid containing 5 g PPO/I toluene. The radioactiv-
ity in each product or group of products was determined utilizing
a Beckman LS-250 scintillation counter. Carbon 14-labeled gly-
colate was separated and purified employing Dowex-acetate
chromatography. The radioactivity in the purified glycolate frac-
tion was compared and normalized with that radioactivity in the
paper chromatogram fractions associated with all other 14C-
labeled products. All product fractions represented the total
carbon incorporated in an aliquot of reaction mixture after 10 to
12 min of photosynthesis.
The isolation of 14C-glycolate was carried out in essentially the

same manner as previously described (15) with some exceptions.
The insoluble material was removed by centrifugation from a
0.6-ml aliquot of the reaction mixture treated with 12 N HCI and
the supernatant fraction was quantitatively combined with 30 to
50 ml of deionized-distilled H20, and finally brought to pH 7
with 12 N NaOH. This preparation was passed across a Dowex
AG 1-X8 acetate (100-200 mesh) column (0.8 x 7 cm resin
bed) at the flow rate of 1 ml/min to allow complete adsorption of
14C products. The column was then washed with 50 ml of deion-
ized distilled H20. When the wash was complete, 4 N acetic acid
was added to the resin bed, and elution was begun at a rate of 1
ml/min. Elution was followed until the pH of the eluate was 3,
and then 2 ml were collected and discarded. The next 16 ml of 4
N acetic acid contained all of the "4C-glycolate. Radioactivity in
the eluate samples was determined by placing 0.10 ml of the
Dowex-acetate eluate with 8 ml of scintillation fluid which con-
tained 5 g PPO and 100 g naphthalene/l dioxane. The total '4C
incorporated into all acid-stable products was determined for the
aliquot of '4C02 assimilate fractionated for "4C-glycolate, and
the '4C-glycolate to 14C total photosynthate ratio was computed.
Known amounts of 14C-glycolate were added to equivalent

reaction mixtures containing chloroplasts, these reaction mix-
tures were acidified with 12 N HCI, and the isolation steps above
were carried out. Recovery of known amounts of '4C-glycolate
from these mixtures was 95 to 100%, and recovery controls were
carried out with each experiment.

In order to establish that only '4C-glycolate was present in the
4 N acetic acid eluates from Dowex-acetate chromatography,
aliquots of the eluates were subjected to one-dimensional paper
chromatography employing a solvent system described by Zel-
itch (18). The solvent contained 1-butanol-95% ethanol-H20-
diethylamine in the proportions 80:10:20:1. Each chromato-
gram was developed twice in the same direction (consecutively)
in this solvent, and since the fractions could also contain '4C-
glycerate, unknowns were co-chromatographed with known
amounts of standard "4C-glycerate as well as '4C-glycolate. X-ray
film autoradiography was employed to identify the labeled prod-
ucts. Regardless of the conditions present in the chloroplast

reaction mixture, the 4 N acetic acid eluates were found to
contain only "4C-glycolate.

Chloroplast Integrity and Reaction Mixture Aeration. To esti-
mate the effect of 02 aeration upon chloroplast integrity at pH
7.5 compared with pH 8.5, we measured the activities of RuDP
carboxylase inside and outside the chloroplast, prior to and after
02 or N2 aeration. RuDP carboxylase was assayed according to a
published procedure (1).

Intact plastid preparations were incubated in the sorbitol me-
dium with reaction mixtures at pH 7.5 or pH 8.5. Alternatively,
chloroplast preparations were incubated in a medium identical to
the sorbitol-containing mixtures except that sorbitol was omitted
to facilitate osmotic disruption of intact plastids. With "CO2"
excluded from these plastid mixtures, they were illuminated as
well as aerated for 15 min with streams of 100% 02 or N2. At the
end of this period, illumination and aeration were terminated,
and 5.7 ,mol (40 uCi) of "'4C02", 20 ,umol MgCI2, and 4 ,umol
dithioerythritol were supplied to the reaction mixture (1 1.1 ml).
After a 5-min incubation period, 0.50 ,umol RuDP was supplied.
RuDP carboxylase activity was also estimated in chloroplast
preparations which had not been aerated, but which had been
incubated with and without sorbitol in the reaction mixture.

Initially, and without aeration, 70 to 80% of the RuDP car-
boxylase activity was associated with the plastid and the remain-
ing 20 to 30% was outside the chloroplasts. This distribution was
independent of pH. After 15 min aeration with 02 or N2, and
regardless of pH, approximately 40 to 48% of the total RuDP
carboxylase remained inside the chloroplasts. Thus, approxi-
mately 40 to 50% of the chloroplasts were disrupted as a result
of aeration independent of 02 and pH.

RESULTS

Influence of pH upon 02 Inhibition of CO2 Assimilation.
When the total "C02" (0.68 mM) in the reaction mixture was
rate-limiting, and the reaction mixtures were treated with a
stream of 100%02, 02 in contrast to N2 inhibited CO2 fixation
22.1% at pH 7.55 and 84.2% at pH 8.4 (Fig. 1). When the
reaction medium was aerated with 21% 02 (or N2), photosyn-
thesis was inhibited approximately 14 to 30% at pH 7.5 and
73% at pH 8.4 (data not shown). When the total "C02" in
solution was 0.68 mm, the CO2 present at equilibrium was
computed to be 27 uM at pH 7.55 and 3.9 ym at pH 8.4.
A feature of the 02 inhibition of photosynthesis is its reversi-

bility associated with the lowering of the 02 concentration in the
chloroplast-containing reaction mixture during the course of
photosynthesis (5). In experiments similar to those just de-
scribed, it was observed that the pH of the reaction medium
influenced the degree of reversibility. When the reaction mixture
pH was 7.8 (and CO2 was rate-limiting), the replacement by N2
aeration after 6 min of 02 aeration during the photosynthesis
reaction period (about 46% 02 inhibition) resulted in immediate
and complete relief of the 02 inhibition. With the reaction
mixture pH at 8.5, and after 6 min of aeration with 100% 02
during the initial photosynthesis period, the 02 inhibition of
plastid photosynthesis (78%) could only be partially relieved
(65%) even after 12 additional min of N2 aeration.

In reference to the limited reversibility of the 02 inhibition at
alkaline pH intact chloroplasts are not disrupted as a result of a
combination of higher 02 concentration and alkaline pH (8-9) in
the chloroplast reaction mixture. We measured the integrity of
chloroplasts which had been aerated with 100%02 or N2 for 12
min in the light with reaction mixture pH at 7.55 or at 8.5. This
was done by assaying RuDP carboxylase which had leached out
of the disrupted intact chloroplasts during aeration. The same
percentage of intact chloroplasts was present after any combina-
tion of conditions mentioned above after the 12-min treatment
(data not shown), although there was some chloroplast disrup-

Plant Physiol. Vol. 59, 1977 531



ROBINSON, GIBBS, AND COTLER

NM.5 55

2.0- 100% o
0,pM 7.55

u &4<&

100% 02 pH 8.4

0 3.0 6.0 9.0 12.0 5.0

MINUTES

FIG. 1. 02 inhibition of chloroplast 14CO2 assimilation as a function
of pH in the incubation medium. The primary components of the incuba-
tion environment were 0.05 M HEPES (pH 7.55 or pH 8.4), 0.33 M

sorbitol, 1 mM Na4P207, 2 mm EDTA, 1 mM MgCI2, and 1 mm MnCl2;
the mixture was aerated with streams of 100% 02 or 100% N2. The final
reaction mixture volumes were 1.05 ml and contained 34.5,g Chl. The
total "G4CO2" concentration was 0.65 mm (40 ,uCi); with reaction mix-
ture pH at 7.55 the initial concentration of CO2 (equilibrium at 25 C)
was computed to be 25.8 j.M, but with pH at 8.4, CO2 in solution was

computed to be 3.8 uM. At pH 7.55, the 02 inhibition ranged from 54%
in the initial 3 min to approximately 22% in the remaining 9 min; with
pH at 8.4, the inhibition was approximately 80 to 84% during the entire
time course. All kinetic plots are based upon two identical and concomi-
tant determinations for each treatment.

tion due to aeration by N2 or 02.

The relationship between [H+J concentration and the 02 inhi-
bition of photosynthesis was also examined as a function of CO2
concentration. At pH 8.5 as well as at pH 7.8, increased "CO2"
levels diminished the Warburg effect on plastid CO2 incorpora-
tion. However, increased total "CO2" (CO2 + HCO3-) included
in the more acidic mixtures was much more effective in prevent-
ing the 02 inhibition than when these identical "CO2" levels
were included in the basic mixtures. When the reaction mixture
pH was 7.8 (Fig. 2A), the 02 inhibition of plastid CO2 assimila-
tion in the presence of 0.47 mM "CO2" was 63% and this
inhibition diminished to 25% in the presence of 5.47 mm
"CO2." In concomitant studies in which the reaction medium pH
was 8.5 (Fig. 2B), the 02 inhibition of plastid CO2 assimilation
was 84% in the presence of 0.47 mM "CO2" and diminished to
only 60% in the presence of 5.47 mM "CO2." In other experi-
ments not shown, titration of total "CO2" to as high as 10 to 15
mM at pH 8.5 often resulted in complete relief of the 02 inhibi-
tion.

Effects of pH on Product Formation. The G4CO2 assimilation
labeling patterns were examined as a function of 02 concentra-
tion and "CO2" concentration in relation to the pH of the plastid
reaction medium. The labeling patterns in Figure 3 represent
time points sampled after 12 min of CO2 assimilation. All pat-
terns are the result of simultaneous experiments.
With the reaction mixture pH at 7.8 and under anaerobic

conditions (Fig. 3A), glycolate represented approximately 9%
of the '4C label with 0.47 mM "CO2" and diminished only
slightly to 6% of the label in the presence of 5.47 mM "CO2."
There was no notable change of isotope labeling in other prod-
ucts as a function of increased "CO2."
As a result of 100% 02 aeration (Fig. 3B) at pH 7.8, glycolate

represented approximately 30% of the label in the presence of
0.47 mM "CO2" and diminished to 12% in the presence of 5.47
mM "CO2." As the glycolate labeling decreased as a function of
increased C02, increases in "4C-labeling of most other products
were associated with triose-P (glyceraldehyde-3-P and dihydrox-
yacetone-P) and polyglucan (starch). At pH 7.8, the 02 inhibi-
tions were, with respect to the presence of 0.47 mm, 2.47 mM,
and 5.47 mM "'CO2," respectively, 52%, 34%, and 23% (see
Fig. 3 legend).
When the reaction mixture pH was 8.5, and as a result of N2

aeration (Fig. 3C), glycolate represented 30% of the 14C label in
the presence of 0.47 mM "CO2" and was diminished to 12% of
the label in the presence of 5.47 mM "CO2." In this system, an

increase in total "CO2" resulted in a 40% increase in polyglucan-
labeling as well as a sharp decrease in '4C-triose-P. As in the
preparation in which the pH of the medium was 7.8, polyglucan-
labeling was always most pronounced during anaerobiosis (Fig.
3, A and C).

In contrast to the aerobic system at pH 7.8 (Fig. 3B), 100%
02 aeration of the more alkaline reaction mixture (Fig. 3D)
resulted in the incorporation of 58% of the 14C label into glyco-
late in the presence of 0.47 mM "CO2" and the labeling of this
intermediate was diminished to 35% of the total with 5.47 mM
"CO2." The decrease in glycolate labeling by increased "CO2"
was associated most predominantly with an increase in the incor-
poration of label into triose-P (Fig. 3D). At pH 8.5, the 02

inhibition of chloroplast 14CO2 assimilation was, with respect to
the presence of 0.47 mm, 2.47 mms and 5.47 mm "CO2,"
respectively, 63%, 61%, and 33%.

Experiments with plastid preparations aerated with 21% 02

(or N2) at pH 7.5 compared with pH 8.4 displayed glycolate-
labeling trends similar to those studies done with 100% 02

aeration. After 15 min of G4CO2 assimilation in the presence of
21% 02 and 0.68 mM "CO2" with pH at 7.5, G4C-glycolate
represented 13% of the total G4C incorporated, and in the pres-
ence of N2 at this pH, G4C-glycolate contained 6% of the label. In
concomitant experiments done at pH 8.5, G4C-glycolate pos-
sessed 26% of the label in the presence of 21% 02, but had 8%
of the label as a result of N2 aeration. In the experiments with the
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FIG. 2. Intact chloroplast 14CO2 assimilation as a function of "CO2,"
02 concentration, and pH in the incubation environment. The primary
components of the reaction media are identical to those stated for Figure
1 except as indicated. The exception was that 0.05 M Tricine was
employed as buffer to maintain pH at 8.5 (HEPES was used for pH 7.8).
The final mixture volumes were 2 ml and contained 108.4 ,ug of Chi and
80 pLCi of ""4CO2." A: With reaction mixture pH at 7.8, the total "C02"
employed was 0.47 mm (10.7 ,uM C02), 2.47 mm (56.2 /LM CO2), and
5.47 mm (124.3 ,UM C02). 02 inhibitions computed during 10 to 11 min
of light-dependent "4CO2 assimilation as a function of increased "C02"
levels were 63, 50, and 25%, respectively. B: With reaction mixture pH
at 8.5, the total "CO2" employed was 0.47 mm (2.2 /LM C02), 2.47 mM
(11.4 ,UM CO2), and 5.47 mm (25.3 JUM C02). 02 inhibitions computed
during 10 to 11 min of photosynthesis as a function of increased "CO2"
levels were 84, 66, and 60%, respectively.
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FIG. 3. Photosynthetic 14C-product-labeling patterns associated with
10 to 12 min of intact chloroplast "4CO2 assimilation as a function of
"CG2," 02 concentration, and pH in the incubation environment. The
pnmary components of the reaction media are identical to those stated
for Figure 1 except that 0.05 M Tricine was employed as buffer to
maintain pH at 8.5 (HEPES was used for pH 7.8). The final reaction
mixture volumes were 1 ml and contained 51.4 ,ug Chl as well as 40 ,uCi
of "14CO2." Total "CO2" and CO2 concentrations were identical to those
identified in Figure 2. Carbon 14-labeled products of photosynthesis
were identified employing paper chromatography and Dowex-acetate
chromatography for glycolate purification (see under "Materials and
Methods"). Triose-P: glyceraldehyde-3-P and dihydroxyacetone-P; po-

lyglucan: starch (1 N HCI hydrolyzate yields 14C-glucose); sugar mono-P:
glucose-1-P, glucose-6-P, fructose-6-P, and ribose-5-P; sugar diP: fruc-
tose-1,6-diP and ribulose-1,5-diP. A: With reaction mixture pH at 7.8,
and with 100% N2 aeration, the velocities of 14CO2 assimilation were,

with respect to increased "CO2," 4.6, 12.4, and 15.1 ,umol CO2 assimi-
lated/mg Chl-hr. B: With pH at 7.8, and with 100% 02 aeration the
rates of 14CO2 assimilation were, with respect to increased CG2, 2.2, 8.1,
and 11.7. The computed severities (10 min) of the Warburg effect were,

for increased CO2, 52, 34, and 23%, respectively. C: With pH at 8.5,
and with N2 aeration, the rates of 14CO2 assimilation were, with respect
to increased "CO2," 3.4, 12.7, and 12.9. D: With pH at 8.5, and with 02

aeration, the rates of "4CO2 assimilation were, with respect to increased
"C2,," 1.3, 4.9, and 8.7. The computed severities of the Warburg effect
were, for increased CO2, 63, 61, and 33%, respectively.

reaction mixtures at pH 7.5 and with 21% 02 (or N2), inhibition
by 02 was estimated to be 10 to 50%, and at pH 8.4, inhibition
was approximately 70% (data not illustrated).

DISCUSSION

Since pH 8.4 to 8.5, in contrast to pH 7.5 to 7.8, in the
chloroplast reaction mixture resulted in an increased severity of
the Warburg effect (Figs. 1 and 2), then clearly pH becomes a

salient factor associated with 02 inhibition of photosynthesis.
Indeed, using C02-dependent 02 evolution in intact spinach
plastids as an assay, Heber et al. (9) observed an increased
inhibition by 02 as a function of increased pH (7.2 raised to 8.3).
The apparent competition of 02 with CO2, reflected by the

CO2 assimilation rates in the presence of N2 or 02, and as a
function of total "CO2" level, was much stronger when the
reaction mixture was more alkaline (Fig. 2). Since the magnitude
of the Warburg effect is inversely related to the "CO2" concen-

tration (5, 7, 19), these data suggest that the effect of higher pH
(with constant "CO2") was associated with a lowering of the
available CO2 for photosynthesis. However, in the absence of
02, and when the rate of "4CO2 assimilation was examined as a

function of increased "CO2," the rates at pH 7.8, when com-

pared with those at pH 8.5, were nearly equivalent for each

"C02" level (Fig. 2, A and B and legend of Fig. 3, A and C).
Thus the amount of total "C02" imported into the chloroplast
was not limited by the higher pH even though the equilibrium
CO2 levels were computed to be greatly diminished in the more
alkaline reaction mixtures (see Fig. 2 legend for values). Poince-
lot and Day (14) have demonstrated that the chloroplast enve-
lope possesses an active transport mechanism for the rapid
accumulation of HCO3-. Also, HCO3- has been shown to be
accumulated in the plastid independent of the pH of the incuba-
tion medium, in the pH range 7.5 to 8.5 (13). In conjunction
with this, carbonic anhydrase activities in the chloroplast stroma
are sufficient to provide CO2 for RuDP carboxylase regardless of
the pH of the external medium or of the stroma (12). Further-
more, J. M. Robinson and R. P. Poincelot (unpublished data)
have also shown that carbonic anhydrase isolated from spinach
chloroplasts is not inhibited by 02. Therefore, the increased 02

inhibition at higher pH must reflect the effect of 02 upon the
plastid carbohydrate metabolism rather than being a reflection
of a decrease in available CO2 in the chloroplast.
The optimal conditions for chloroplast photosynthesis are as-

sociated with saturating CO2 levels, 0 to 21% 02, and reaction
mixture pH in the range 7.5 to 8.5 (Fig. 2 and refs. 5 and 10).
Under these conditions where a Warburg effect was not ob-
served, more alkaline as compared with more acidic pH favored
the flow of photosynthate to glycolate and away from other
Calvin cycle intermediate pools (Fig. 3, A and C, and refs. 4, 10,
and 11).

If conditions in the plastid reaction mixture are designed to
favor the maximal accumulation of glycolate, then a critical
factor is the pH of the reaction environment. Thus, rate-limiting
"CO2," 100% 02, and a more alkaline pH combined to produce
the optimal solution environment for glycolate accumulation
during CO2 assimilation (Fig. 3, B and D). These are precisely
the conditions which favored the most severe 02 inhibition of
CO2 assimilation (Figs. 2 and 3). A result of the lowered rates of
photosynthesis in 02 at higher pH was the diminutions of sub-
strate pool sizes in the chloroplast. Additionally, the flow of
photosynthate from intermediates of the Calvin cycle to provide
substrate for glycolate synthesis was strongly enhanced under the
more alkaline conditions. The optimal conditions for glycolate
synthesis promoted a rapid utilization and lowering of the "4C-
phosphorylated intermediate pools, particularly triose-P, and
the lack of sugar phosphate appeared to limit starch synthesis
(Fig. 3D). The result of this enhanced utilization of phosphoryl-
ated intermediates for glycolate synthesis at higher pH appar-
ently resulted in a stronger impedance of RuDP regeneration
leading to a more severe inhibition of CO2 assimilation. Bassham
and Kirk (3) have presented evidence that the synthesis of both
phosphoglycolate and glycolate diminish the level of RuDP in
Chlorella cells. Additionally, evidence from this laboratory (5)
as well as from Bassham and Kirk (2) has suggested that a causal
factor of the Warburg effect was a block of RuDP regeneration
due to the enhanced synthesis of glycolate.

Since the chloroplast actively accumulates HCO3- regardless
of pH (13), it should be reemphasized that increased pH resulted
in an optimization of glycolate synthesis, rather than causing a
decrease in available CO2 in the plastid (which would also reflect
increased glycolate-labeling). Had higher pH limited the availa-
ble CO2 in the plastid, then the increased "C02" levels at higher
pH would have resulted in a much smaller decrease in the C02-
sensitive glycolate "4C-labeling than was observed for the identi-
cal increase in "CO2" at less basic pH. This was not the case
since "C02" titration at either pH employed resulted in the same
magnitude of decrease in glycolate-labeling (Fig. 3).
The inhibitory effect of increased "CO2" upon glycolate accu-

mulation was evident at pH 7.8 as well as at pH 8.5 (Fig. 3).
There appeared to be both a "CO2"-sensitive and a "CO2"-
insensitive increment of glycolate synthesis; with 02 aeration at
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pH 8.5 (Fig. 3D), an increase of "CO2" from 0.47 mm to 2.47
mm resulted in an approximate 36% decrease in glycolate-
labeling. In this case, the "C02"-sensitive mechanism for glyco-
late synthesis was almost entirely inhibited by 2.47 mM "CO2,"
since raising the "CO2" from 2.47 mm to 5.47 mm resulted in a

decrease of glycolate-labeling from only 37 to 35%. It is clear
from our data (Fig. 3) that both the "C02"-sensitive and the
"C02"-insensitive glycolate synthetic mechanisms have an alka-
line pH optimum, and both mechanisms require 02.
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