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Abstract

The rates of photosynthetic and dark fixations of 01402 in
Scenedesmus have been compared in dilute phosphate buffers ranging from
PH 1.6 to pH 1l.4, and the amounts of carbon incorporated into the
various products have been determined by means of--the-radiochromato-
graphic methods

‘In photosynthesis, an acid mediﬁm favours the incorporation of Clz
into sucrose, polysaccharides and the three-carbon compounds alanine and
serine. Fixation into the four-carbon compoundsjmeli: and aspartic acids
is enhanced in an alkaline medium. Kinetic experiments at extreme pH
values suggest that several paths are available for carbon dioxide
assimilation.

A tentative correlation of the results with the pH optima of some
enzymes and resultant effects upon cgncentrations of intermediates is

presented.

(*) The work described in this paper was sponsored by the U. S. Atomic
Energy Commission.

(**) Guggenheim Fellow 1949, on leave from Laval University, Quebec, Canada.

To be published in the Journel of Experimental Botany.
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The extent to which the intermal pH of a living cell can be influenced
by that of the external medium is still a matter of uncertainty. Since the
enzymes involved in the various metabolic processes lave different pH
optima, it may be expected that a shift in the internal pH would exert a
selective influence upon the rates of those processes. Effects of this
kind, coupled with changes in oxidation-reduction potentials, may well be
related to the differences between the paths of carbon in photosynthesis,
dark assimilation and respiration. Since many of the features of the
photosynthetic assimilation of radioactive cerbon dioxide have now been

dl,2,10’ it seemed to us that this reaction might provide a use-

reveale
ful tool for the study of internal pH effects and that these, in turn,
could contribute to our understending of the various steps involved in
photosynthesis.

The effect of pH upon the overall rate of photosyri cis has been
the object of rather few systematic investigations,3’4 ¢ Lthough a number
of incidental observations are scattered through the liter.lure. Lmerson

5

and Green” found no appreciable variation between pH 4.6 and 8.9 in

Chlorella, Pratt6 reported large differences in more alkaline solutions

over long periods and Brilliant12 observed differences in a number of

species. Recently, Warburg and Burk7 measured higher quantum yields at
pH 5 than at pH 9, and Franck8 postulated an influence of pH upon the
permeability of the chloroplast membrane.

Factors such as membrone permeability, the concentration of carbon

dioxide and its distribution among the species CO,, HCOB— and CO

3 2
and also the value of the photosynthetic quotient, are difficult to con-

trol end to separate from a direct influence of pH changes upon the
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metabolic steps. In this preliminary and foreibly qualitative survey, no
strict control of the sbove variables could be attempted. In order to
minimize the action of transition and adaptation phenomena, the cells
were exposed to the buffer for identical periods before each 01402 fixe-
tion experiment. Ten minutes was found to be sufficient for the buffer
to exert its full effect upon the rate of fixation of carbon dioxide

and is believed to be too brief to permit the changes in enzyme con-
stitution by means of which growing cells adapt themselves to a new

mediume.

Experimental

About one liter of a one-day growth from a continuous culture of
Scenedesmus was freed from the culture medium by centrifugation and
resuspended in distilled water at a concentration of one ml. wet packed
cells in 100 ml. A stream of air was passed through this suspension for
one to three hours in subdued daylight at room temperature. Experiments
in a series were carried out with 20 ml. aliquots (0.2 cc. cells) from
the same suspension., The samples were placed in a flat, circular vessel
of sbout 5 mm. internal thickness, held in a vertical position and illu~
minated from both sides. The algae were first allowed an adaptation
period of ten minutes in the light in the presence of M/3000 phosphate
buffer of the chosen pH while air streamed through the suspension at the
rate of about three bubbles per second. The radiocactive sodium bicar-
bonate solution (generally about 10 microcuries, 0.00l millimole) was
then injected; the flask was stoppered at once and shaken throughout
the photosynthetic fixation periods The cells were then killed in boil-

ing ethanol either directly or after rapidly filtering the suspension
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with Celite filter aid. Paper chromatography of the 80% ethanol extract
necessitated the previous removal of the salts. The extracts were analyzed
by means of the radiochromatographic techniqueolo

In order to avoid possible specific effects resulting from the use
of different anlions, phosphate buffers were used over the whole pH scale
in spite of their low buffering power in certain regions. Blank experi=-
ments, in which non-radiocactive sodium bicarbonate or carbonate was
injected, showed that the pH of the buffered cell suspensicns, at various
acidities, did not vary by more than O.1 pH unit during the period of
adaptation and photosynthesis.

The effects of pH on the concentrations of some of the intermediates
of photogynthesis were determined for two pH values in the following
manner., A suspension of one gram of Scenedesmus was illuminated twenty
hours in the presence of nutrient solution (pH 6), 5% carbon dioxide in
air and 0.5 mc. radiophosphate. Identical aliquot portions were adjusted
to pH 2 and to pH 10.6 with hydrochloric acid and sodium hydroxide. After
thirty minutes photosynthesis at moderate light intensity with excess 4%
carbon dioxide in air, the samples were quickly centrifuged and killed in
hot ethanol. The amounts of labeled phosphoglycerate and hexose monophos~
phates, sepsrated chromatogrephically, were compared by direct counting of
the radicactive areasolo

The total phosphoglycerate radioactivity in the extract was 2.5 times
as great at pH 10.6 as at pH 2. The corresponding ratio of activity in

the hexose (largely glucose) monophosphates was 1.7,
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Results

Influence of pH on the fixation rate. = In preliminary experiments, it was

found that, aefter standing thirty minutes at pH 1 or 1l.5, the algae were
still able to fix appreciable amounts of 01402 in the light. Exposure to
those media for various lengths of time showed that the fixation rates
decreased during the first five to ten minuteg and thereafter remained
constant for at least another twenty minutes. When such an acid or
alkaline suspension was brought back to neutrality ten minutes before the
fixatioén experiment, the rate was the same as in a sample of the original
neutral suspension, indicating that the rate-depressing effect of exposure
to an extreme pH is fully reversible over the brief periods used in this
work. All experiments were therefore carried out after a ten-minute
exposure cf the cells to the buffer.

Typical curves illustrating the influence of pH on the fixation rate
are shown in Figure 1. In seven experiments with different crops of
algae, the pogition and shape of the maximum exhibited considerable
variations, Figure lA being representative of the average trend, and
Figure 1B illustrating an extreme case. It is not known to what extent
the deviations are due to differences between the properties of the
crops or to the imperfect control of the experimental eonditions,
especielly the concentration of carbon dioxide. There is no clear
correlation with light intensity. The most notable feature is the
absence of ingoluble radicactive compounds in all experiments in strongly
alkaline medis and their generally high proportion on the acid side.

Near pH 3, a slight minimum in the fixation rate was observed in several

experiments, but the reasons for this (possibly artificial) effect are
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not yet clear. It was also noted that algae which had photosynthesized
below pH 3 yielded yellow alcoholic extracts, possibly due to pheophytiza~
tion of the chlorophyll.

Distribution of labeled intermediates. - Large differences were found in

the relative radicactivity of labeled intermediates resulting from two-
minute photosyntheses in acid or alkaline medda. The trends shown in
Figure 2 for two experiments at the lowest and highest light intensities
used were qualitatively the same in all the other experiments, in spite
of the difference in total fixation rates.

With increasing pH, the fraction of the radicactivity fixed in the
four-carbon compounds malic and aspertic acids during two minutes increases
while the fraction in the three-carbon compounds alanine and serine, and
also in sucrose, decreases. The fraction in polysaccharides (insoluble
material ) also decreases. The activity incorporated into the pentose,
hexose and heptose monophosphates seems to depend strongly upon the light
intensity; on the whole, it increases with pH at the higher intensities
but decreases at low intensities, two extreme cases being shown in Figure 2.
The pH dependence of malic acid is the same over a wide range of condi-
tions, as seen on the curves in Figure 2 and 3, which also suggest the
existence of a secondary meximum near pH 4.

Kinetic experiments~’11 have already hdicated two possible modes of
initial incorporation of carbon dioxides one into a three-carbon compound
and one into a four-carbon compound. From our results, it seems that an
acid medium accelerates initial incorporation into three~carbon compounds
and an alkaline one accelerates four-carbon compound synthesis. Further

support for this hypothesis is found in the curves of Figure 4. At the
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initial instant of an experiment the compound (or compounds) into which
carbon diloxide is fixed should contain the totelity of the radiocactivity.
The fraction of total activity in such compounds should decrease as more
and more Cl4 is passed on to subsequent intermediates. This behavior is
exhibited by alanine at both pH 1.6 and 10.3 and by malic acid at pH 10.3.
The time series does not extend to short times and recent experiments in
this laboratory have shown that the activity fraction in alanine decreases
to zero in very short photosyntheses. The phosphate curves, of which
phosphoelvcerate is the major component, represents the principal point
of 014 entry on the acid side but not on the alkaline one. The curves
for serine and sucrose (not shown in the diagrams) are almost exactly
complementary to the fluctuating curve for phosphate at pH 1.6, whereas
at 10,3 serine and sucrose start from gzero and increase very slowly to
a value of about 5% after five minuteso

In view of a possible effect upon the distribution of labeled inter-
mediates resulting from the action of the phosphate ions contained in the
buffer, a series of one-minute photosynthesis experiments was carried out
in pH 6.7 buffer at four external concentrations ranging from zero (washed
cells) to M/1000. The result was a 50% increase in the overall fixation
rate at the higher concentration, without notable change in the proporticns
of the labeled intermediates.

Dark fixation. = It is knownl that the labeled products of the fixation of

carbon dioxide in the dark differ from those of photosyrthesis mainly by the
absence of insoluble materials, phosphates and sucrose and by the predomi-
namce of several of the tricarboxylic acid cycle intermediates. In two

dark fixation experiments the effect of pH upon the total fixation rate
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was essentially the same as in photosynthesis, except for the absence of
insoluble radiocactive products., Figure 5 sh&ws the distribution of the
labeled intermediates after ninety minutes fixation in the dark. Of the
compounds common to both dark and light fixations, alanine shows the same
behavior as in the light, but malic acid, while still exhibiting a maximum
near pH 4, no longer shows the large increase at high pH which may be =
characteristic of photosynthesis. It is seen that the pH also exerts
considerable influence upon the proportions of the labeled compounds more

specifically comnected with the dark assimilation.

Discussion

The large changes observed in the distribution of the labeled inter-
mediates show the extent to which the metabolic regime is aitered by a
shift in the pH of the medium., It is impossible to estimate the relative
importance of a number of pH=gsensitive factors such as the carbon dioxide
concentration, variations in the intracellular pH, loecalization of certain
key steps at the membrane of self-regulating mechanisms which induce the
production of the stronger four-carbon acids in an alkaline medium and
that of the weaker three-carbon acids and neutral sucrose in an acid
medium.

it seemg that there are at least twe initial reactions by which
carbon dioxide can enter the system. The first, which predominates on
the acid side; leads to organic phosphates of which the earliest component
to appear has been shown®s1L to be phosphoglyceric acid. The second
reaction leads to malic acidll and predomimstes in strongly elkaline
media. The use of an extreme pH seems to provide a means of studying

each of these reactions with a minimum of interference from the other.
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Assuming, as a working hypothesis, that the observed effects are due
mainly to changes in rate constants of the various enzymatic reactions
brought about by shifts in intracellular pH, it would be of interest to
correlate the observations with the pH optima of known enzymes. Those
involved in carboxylations have optima around pH 4~6, the dehydrogenases
near pH 9; several glycolytic enzymes show optima in the region of pH 8-9.
The B-carboxylation reaction forming malic acid has an optimum near pH 5.
Wiether malic acid will accumulate or not depends primarily upon the
reiative rates of formation, its subsequent conversion to aspartic acid
and its reduction to unknown intermediates. If high pH reduces the rate
senstant for reduction of 04 compounds, the result would be an increase
in concentration of C4 compounds. The conversion of a Ci-carbon dioxide
acceptor to malic acid might have an optimum rate around pH 5 or pH 9
according to whether the carboxylation or subsequent hydrogenation is
the rate-limiting step under the experimental conditions.

The pH optimum for sucrose phosphorylase of Pseudomonas saccharophilal3

is about 6. At higher pH the equilibrium favors the cleavage of sucrose.
The greater proportion of the fixed clé in ingolubles, largely polysacha-
rides, on the acid side seems to be in accord with the rather flat optima
at pH 4=-6 of the amylases. The precursors of the polysaccharides are also
those for suerose synthesis. The effect of low pH An increasing both sucrose
and polysaccharide synthesis is therefore quite reasonable.

However, in the absence of more information on the magnitude of the
lag between the intracellular and extracellular pH, on the value of the
oxidation-reduction potential in the cell during photosynthesis, on the

localisation of the enzymes and in view of the general complexity of the
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metabolic network, it is clear that the type of correlation attempted
above can only provide suggestions or at best circumstantial evidence in
favour of any particular mechanism.

The concentration of a given intermediate in the steady state systems
is a function of the rates of all the reactions associated with its forma-
tion and conversion. It is clear that the initial rate of accumulation of
¢4 in a given compound is directly dependent upon the rate of its formation
from the labeled precursor. For this reason the rate of cl4 accumulation is
dependent upon the rates of synthesis eand conversion or the concentration of
each previous intermediate through which it has passed and upon rates of any
side reactions or equilibrations involving other reservoirs such as M in

Figure A.

oo, + [ LLa[5] 22, 8] 2, (5] —> —» [Sucrosa]

I

M

s

Figure A

The rate constant, k, of each reaction may be a function of pH as well as
other variables. If kl were inecreased or if k2 were decreased by high
PH, B would accumulate, as would M (malic acid for example), until a new
steady state were established. Although the actual rate of synthesis of
sucrose would increase if kl increased and would decrease slightly if k2
decreased, the increase in the concentration of B would so decrease the
specific activity of B that the Cl4 reaching the sucrose reservoirs could
diminish greatly. It should be pointed out that appearance of labeled
sucroge in Scenedegmus begins about two minutes after administration of

c14 and that the observations presented in Figure 2 represent nearly an
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optimum in sensitivity of labeled sucrose synthesis toward external con-
ditions. The measurement of concentrations of intermediates preceding
sucrose may provide a clue to the interpretation of the effects of exter-

14

nal conditions on the accumulation of G in sucrose as a function of
time. The effect of pH upon the concentration of phosphoglycerate in
Scenedesmus (the reservoir of phosphoglycerate is four to five times
larger than that of all the other phosphorylated intermediates in suc-
rose synthesis) can possibly account for the ten~fold increase in
emount of radiosucrose synthesised at pH 2 during the initisl two

minutes in spite of the fact that several glycolytic enzymes have

their optima at relatively high pH.

The authors express their appreciation to Professor Melvin Calvin

and Dr. Jo A. Bassham for their interest in this worke
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Captions to Figures

Figure 1 - Total and soluble radiocactivity, in millions of counts per minute

Figure 2 -

Figure 3 -

Figure 4 =

Jigure

per gram cells, fixed in 2 minutes photosynthesis at light inten~-
sities of A) 2500 foot candles and B) 5000 foot candlese.
QO total;@ soluble.

Fractions of soluble radiocactivity in the labeled intermediates
after 2 minutes photosynthesis at 250 and 10,000 foot candles
and at various pH values, in M/300 phosphate buffer.

Fractions of the soluble radicactivity in malic acid at various
pH values after 1 minute photosynthesis at 2500 foot candles
and 2 minutes at 3500 foot candles.

Fractions of the soluble radiouctivity in some of the interme-
diates at various times during photosynthesis at A) pH 1.6 and
9000 foot candles and B) pH 10.3 and 7500 foot candles.

Fractions of the radicactivity in the intermediates after 90
minutes dark assimilation at various pH values.
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