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SUMMARY 

Addition of ammonia to Chlorella pyrenoidosa, photosynthesizing under steady- 
state conditions, causes changes in the metabolism which are due not only to the 
increased availability of NH4 + for reductive amination but also to regulation of 
controlled enzymes. One such effect is an increased rate of the reaction which converts 
phosphoenolpyruvate to pyruvate in vivo. This regulatory effect was revealed by 
kinetic tracer studies with ~4C0 2, paper chromatography and radioautographic 
analysis, which showed that upon addition of NH, + (I) the levels of both 3-phospho- 
glycerate and phosphoenolpyruvate drop, with the ratio of 3-phosphoglycerate/ 
phosphoenolpyruvate increasing, (2) the level of labeled pyruvic acid increases and 
the rate of formation of alanine increases rapidly, while the rate of formation of serine 
is unaffected, (3) the rate of flow of carbon into the tricarboxylic acid cycle acids, 
malate and citrate, increases along with the increased rates of formation of glutamate, 
glutamine and aspartate and (4) the rate of labeling of lipids increases. The increased 
flow of carbon into amino acids is mostly at the expense of sucrose synthesis ; starch 
synthesis decreases only slightly. The interruption of sucrose synthesis apparently 
is due to stopping the reaction between UDP-glucose and fructose 6-phosphate. 
The rate of conversion of fructose 1,6-diphosphate to fructose 6-phosphate is also 
decreased upon NH4 + addition. 

INTRODUCTION 

Kinetic studies of photosynthesis with labeled carbon in green cells and isolated 
chloroplasts 1-s revealed regulatory mechanisms controlling the flow of carbon within 
and out of the chloroplasts and the relations between photosynthetic carbon reduction 
and biosynthetic metabolism. 

Comparison of the patterns resulting from 1~C0~ incorporation during photo- 
synthesis in Chlordla pyrenoidosa, at various stages in the cell life cycle, showed that 
the smallest cells (which had recently divided in the dark) incorporate 1'C much 
more rapidly into sucrose, and much more slowly into amino acids and acids of the 
tricarboxylic acid cycle, than growing cellsL Cells at different stages of division differ 
in their ability to reduce NOsT. This was revealed by a consequent difference in the 
rates of flow of carbon from the photosynthetic carbon reduction cycle into the amino 
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acids and other compounds. The growing cells could use added nitrogen in the form 
of NO~-, NO2-, or NH4+ for amino acid synthesis, but  the newly divided cells which 
had been in the dark for 12 h were able to utilize NH4+ only (ref. 5). 

With NH,  + present, either added directly or formed by the reduction of NO3- 
or NO2-, there was an increased rate of x4C labeling of several amino acids, as well as 
malate and citrate, and lipid. At the same time, there was a marked decrease in the 
rate of labeling of sucrose. These effects of NH4+ were attr ibuted not only to the 
increased supply of NH4 + for reductive amination and subsequent transamination 
reactions, but  also tentatively to a stimulation of the conversion of phosphoenol- 
pyruvate to pyruvate, probably mediated by pyruvate kinase (EC 2.7.1.4o). 

We report here kinetic tracer experiments with C. pyrenoidosa photosynthesizing 
under steady-state conditions, in which concentrations of several metabolites were 
followed before and after addition of NH4C1. In order to locate with some certainty the 
possible regulatory site of NH4 +, we have paid particular attention to the kinetics 
of labeling of 3-phosphoglycerate, phosphoenolpyruvate, and pyruvate as well as 
alanine and serine. Also a~P 1 w a s  used to permit measurement of levels of ATP, 
UDPG, and PPi. 

EXPERIMENTAL 

C. pyrenoidosa was cultured aseptically using the turbidostat e at 25 ° with a 
stream of air plus 4 % COs (v/v). Cell density was kept constant at 0.3 % by adding 
culture medium (modified Myers medium 4) automatically. 

The cells were harvested, washed once with o.i  mM KH~PO 4 and resuspended 
(i %) in this medium. 6o ml of the suspension and 2 mC of s~Pt were poured into the 
steady-state apparatus. After 3o min of photosynthesis at 20 ° with 1. 5 % CO2, 
14CO2 was added from a small loop to the closed system. At nearly the same time 
CO s with 14CO~ in another reservoir was added in order to increase the air volume 
and thus lessen the change in CO S concentration during the experiment. Samples 
(approx. I ml) were taken into 4 ml of methanol at intervals as indicated in Figs. I-7.  
At 21 min from the introduction of a*CO~ into the system, x ml of o.o 5 M NH4C1 was 
injected into the suspension and the sampling was continued for another 20 rain. The 
pH was kept constant at 5.5. When a nitrogen source was not included, adjustment 
of the pH was unnecessary, and after the injection of NH4C1 it was corrected auto- 
matically by adding o.1 M NH4OH. The partial pressure of CO~ at the start  of the 
experiment was 1.6 % (with specific activity of I2.4/,C//zmole), and was 1% at the 
end of 41 min of the experiment. The detailed method of the steady-state experiment 
h~s been described elsewhere3, 7. 

Two 5oo-/,1 portions of each sample were analyzed by two-dimensional paper 
chromatography, first with phenol-acetic acid-water with EDTA, and second with 
butanol-propionic acid-water*. One of the portions was run 24 h in each direction for 
analysis of the secondary products of photosynthesis. The other portion was chromato- 
graphed 48 h in each direction in order to separate the intermediates of the photo- 
synthetic carbon reduction cycle and other phosphorylated compounds. 

A 1-ml portion of the sample was defatted, hydrolyzed for 1 h at IOO °, and an 
aliquot (corresponding to 25 ~ul of the original) was chromatographed two dimension- 
ally (each 24 h) for starch glucose analysis 4. 
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A 25-ml portion of each sample was chromatographed with the first solvent 
for 2o h and the fastest moving spot was counted and reported as total lipid. 

Location of the labeled metabolites was detected by radioautogram and the 
content of z4C and s=p was determined semi-automatically, as was described in detail 8. 

For analysis of pyruvate, a 2-ml portion of the sample with 0. 5 #mole of 
authentic pyruvate was diluted to 5 ml with water and coupled with 2,4-dinitrophenyl- 
hydrazine. The coupling and extraction were essentially similar to those described 
by BACHELARD 9. The extract of the hydrazone was paper chromatographed 20 h 
using n-butanol-ethanol-o.5 M NH4 + (7:1:2, by vol.) in the dark and the radio- 
activity of the yellow spot was counted as described above. 

RESULTS 

Upon addition of NH4C1 to the photosynthesizing cells, there is a rapid increase 
in the rates of labeling of alanine and glutamine (Fig. i), and of aspartic acid (Fig. 2). 
The rate of labeling of glutamic acid decreases momentarily and then is increased to 
several times the rate before addition (Fig. I). Threonine labeling, not detected before 
addition of NH4CI, becomes appreciable after addition (Fig. 2), while the rate of 
labeling of serine is virtually unchanged by the addition of NH4C1. 
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Fig. I. Labeling of alanino, glutamate, and glutamine in photosynthesizing C. pyrenoidosa before 
and after addition of NH4+. O, alanine; A, glutamine; ~k, glutamate. 

Fig. 2. Labeling of serine, aspartate, and threonine in photosynthesizing C. pyrenoidosa before and 
after addition of NHI +. O, serine; A, aspartate;  ~k, threonine. 
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Fig. 3- Labeling of 3-phosphoglycerate in photosynthesizing C. pytenoidosa before and after 
addition of NH4+. O, x4C label; A,  s2p label. 

Fig. 4. Labeling of phosphoenolpyruvate in photosynthesizing C. pym~oidosa •before and after 
addition of NH4+. O, 14C label; A, s ip  label. 
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The 14C- and s'P-labeling curves of 3-phosphoglycerate (Fig. 3) and of phospho- 
enolpyruvate (Fig. 4) show that the relative transient change in phosphoenolpyruvate 
is faster than that of 3-phosphoglycerate. The steady-state level of phosphoenol- 
pyruvate declines about 60% upon NH4C1 addition, while that of 3-phospho- 
glycerate declines only 3 ° %. Although the s~p labeling continues to rise during the 
course of the experiment (see below), the relative pool sizes of 3-phosphoglycerate 
and of phosphoenolpyrnvate are about the same when determined by either isotope, 
and the size of the changes in steady-state level are also about the same. 

Addition of NH4C1 to the photosynthesizing cells causes a rapid increase in the 
level of labeled pyruvate (Fig. 5). It appears that the pyrnvate pool was not saturated 
with lac label prior to addition of N H ,  +, due presumably to the slowness of the con- 
version of phosphoenolpyruvate to pyruvate. 

In the case of s'p-labeled compounds in this experiment (see Figs. 3, 4 and 6), 
there is a "pseudo-saturation" of the metabolic pools with labeled phosphate. The 
metabolic pool label may  be at any given time about the same specific radioactivity as 
the metabolic pool of Pt within the cells. However, this inorganic pool and other 
metabolically active pools of Pl inside the cell are slowly increasing in specific radio- 
activity due to a limited rate of entry of labeled Pi into the cells and to slow turnover 
of larger, less active pools, perhaps polyphosphates 1°. In any event, the addition of 
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Fig. 5. Labeling of pyruvate in photosynthesizing C. pyvenoidosa before and after addition of 
NH4+. 
Fig. 6, Labeling of ATP, ADP, and PPI in photosynthesizing C. pyreuoidosa before and after 
addition of NH4+. O, ATP; A, ADP; ~k, PPI. 
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Fig. 7. Labeling of UDP-glucose in photosynthesizing C. pyrenoidosa before and after addition of 
NH4+. O, llC label; A, 8sp label. 
Fig. 8. I~beling of staxch, lipid, and sucrose in photosynthesizing C. pyrenoidosa before and after 
addition of NH4+. O, starch; A, lipid; A, sucrose. 
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NH4C1 causes only a minor transient change in the levels of labeled ATP and ADP 
(Fig. 6)~ after which the level of ATP increases slightly. 

In contrast to the effects of NH4C1 addition on ATP and ADP, there is a sudden 
drop in the level of PPi to a new steady-state level less than half that  existing before 
the addition of NH4C1 (Fig. 6). Surprisingly, considering the drop in sucrose labeling 
rate and in PPt level, the labeling of UDPG (Fig. 7) was only slightly affected by the 
addition of NH4 +. After 5 min the pool size seems to increase about 20 % and then 
drifts upward (based on 14C labeling). Small transient changes apparently occurred 
in the levels of most of the sugar phosphate compounds of the carbon reduction cycle 
just after NH4 + addition. Since these immediate changes were within the range of 
experimental error, they are not shown. The initial changes were followed by a general 
decline in the levels of these metabolites. The steady-state levels just before NH,  + 
addition, and 20 rain later, are shown in Table I. 

The rate of formation of lipid is slightly, albeit significantly increased (about 
25 %) by NH,  + addition (Fig. 8), while the rate of starch formation is decreased 
approx. 4o %. The rate of increase in labeled sucrose drops to zero. The rates of flow 
of 14C into the tricarboxylic acid cycle intermediates, malate and citrate (Fig. 9), 
increase immediately on addition of NH4+. 

TABLE I 

L E V E L S  O F  L A B E L E D  S U G A R  P H O S P H A T E S  J U S T  B E F O R E ,  A N D  2 0  min A F T E R  NH4+ A D D I T I O N  

Compound Levels of labeled 14C 
(#moles/cm a algae) 

Before NH4+ After N H 4+ 
(20 rain) 

Fructose 6-phosphate 6.39 
Glucose 6-phosphate i 1.64 
Sedoheptulose 7-phosphate 4.41 
Sedoheptulose 1,7-diphosphate o.15 
Fructose 1,6-diphosphate 0.72 
Glucose i, 6-diphosphate o.32 
Ribulose i, 5-diphosphate 1.4o 
Pentose 5-phosphate (includes 

xylulose 5-phosphate, ribose 
5-phosphate,  and ribulose 
5-phosphate) 0.55 

4.38 
6.89 
3.47 
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Fig. 9. Labeling of ci trate and malate  in photosynthesizing C. pyrenoidosa before and after addit ion 
of NH4+. O, malate;  A, citrate. 
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DISCUSSION 

The increased rate of labeling of amino acids and the increased rate of flow 
of carbon into malic and citric acids upon addition of NH4+, as well as the accom- 
panying drop in levels of 3-phosphoglycerate and phosphoenolpyruvate and the 
decrease in the rate of labeling of sucrose have been noted before 5,11. The results of 
the present study provide clear evidence for the sites of the regulatory effects of 
NH4+. A primary site of such regulation is the conversion of phosphoenolpyruvate 
(and ADP) to pyruvate (and ATP), presumably mediated by pyruvate kinase 
(EC 2.7.1.4o). This conclusion is supported by the sudden increase in level of pyruvate 
and sudden decrease in phosphoenolpyruvate on addition of NH4+. The decrease in 
phosphoenolpyruvate is faster and relatively larger than that of 3-phosphoglycerate; 
therefore, the regulated site is not between 3-phosphoglycerate and phosphoenol- 
pyruvate. The pyruvate increase is relatively faster than that of alanille. Thus, the 
increased flow of carbon into alanine is due to increased pyruvate level and not solely 
the consequence of an increased rate of transamination resulting from an enlarged 
pool of glutamate. 

The relatively slow rate at which glutamate increases upon addition of NH4+, 
together with earlier findings that reductive amination of a-ketoglutaric acid is the 
primary route of incorporation of NH4 ÷ in Chlorella 7, shows that regulatory effects of 
NH4÷ on carbon metabolism are responsible for the observed immediate increases in 
14C labeling of other amino acids. The fact that glutamate labeling initially dips 
slightly (Fig. I) upon addition of NH4 ÷ shows that the increased demand upon the 
glutamate pool is initially greater than the increased rate of reductive amination 
forming glutamate. Only after 4 min does the increased flow of carbon in the tricarbo- 
xylic acid cycle reach the point of synthesis of glutamate. 

The unchanged rate of serine labeling (Fig. 2) is further evidence that the 
increased labeling of alanine, aspartate, etc. is due to increased levels of carbon 
skeleton precursors. In ChloreUa, supplied with 1% CO~, serine is probably derived 
from 3-phosphoglycerate (which decreases in level, Fig. 3) by several steps not in- 
volving phosphoenolpyruvate. Upon addition of NH4 +, the carbon precursor of 
serine is probably decreased. This change, together with the increased level of gluta- 
mate coming from the addition of NH4 ÷, leads to an unchanged rate of serine 
synthesis. 

The increase in pyruvate level with NH4 + addition is not due to a decreased rate 
of oxidative decarboxylation, since lipid labeling (Fig. 8) slightly increases, indicating 
an increased rate of conversion of pyruvate to acetyl-CoA. Furthermore, there is 
an immediate increase in the rates of flow of 14C into malate and citrate (Fig. 9). The 
increased citrate formation could be a reflection of a higher level of acetyl-CoA. 

The increased rate of labeling of malate requires some additional explanation. 
One possibility would be that reductive carboxylation of pyruvate to give malate 
(with malate enzyme, EC 1.1.1.40 ) occurs and is increased by the increased level of 
pyruvate. Also, the malic enzyme from E. coli is reported to be stimulated by NH4 ÷ 
(ref. 12). It is also possible that increased malate formation could result from conden- 
sation of acetyl-CoA with glyoxylate. 

The observed changes in carbon metabolism in this experiment are clearly not 
dependent on a change in the level of ATP and ADP (Fig. 6). This is consistent with 
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other findings 1 that major shifts in metabolic pathways occurring in Chlorella with 
the shift from light to dark are not accompanied by significant changes in the steady- 
state levels of ATP and of ADP. 

The sudden drop in level of PPI suggests that the reaction in which it is formed 
with UDPG from glucose 1-phosphate and UTP may have decreased in rate. The 
fact that PPi level does not go to zero, even though sucrose synthesis stops, indicates 
that PPI is still produced by other biosynthetic routes (for example, starch synthesis 
and amino acid activation). 

The blocking of sucrose synthesis when NH4 + is added could occur either in 
the condensation of UDPG with fructose 6-phosphate to give sucrose phosphate or 
in the subsequent hydrolysis of sucrose phosphate. The position of sucrose phosphate 
on the two-dlmensional paper chromatograms developed with phenol-water and 
butanol-propionic acid-water is known to be either coincident with the hexose 
monophosphate area TM or to be just below it. We could find no evidence for sucrose 
phosphate in the area below the hexose monophosphate area, since faint spots in 
that area gave no sucrose, glucose, or fructose upon treatment with phosphatase 
and rechromatography. Our present chromatographic techniques give two usually 
well separated hexose phosphate areas. The upper one gives almost entirely fructose 
after treatment with phosphatase, while the lower one, which may contain sucrose 
phosphate, gives mostly sedoheptulose and glucose plus a trace of fructose. The 
amount of fructose is sometimes increased when the two hexose phosphate spots are 
not well separated, but the smaller amount which is nearly always found may be due 
to the presence of sucrose phosphate in the original lower hexose phosphate spot and 
to its subsequent hydrolysis by phosphatase and contaminant invertase. This trace 
of labeled fructose from the lower hexose phosphate spot did not increase after the 
addition of NH4 +. Thus, there is no detectable increase in sucrose phosphate labeling 
to indicate that the step mediated by sucrose phosphatase is inhibited by the addition 
of NH4 +. 

A slight increase in UDPG (Fig. 6), at a time when the levels of fructose 6- 
phosphate and glucose 6-phosphate decline (Table I), and the sudden drop in PPi thus 
suggest a negative effect of NH4+ addition on the condensation of UDPG with 
fructose 6-phosphate. The enzyme mediating this reaction in wheat germ, sucrose 
phosphate synthetase (uridine diphosphogiucose: D-fructose-6-phosphate-2-glucosyl 
transferase, EC 2.4.1.14) has been found to exhibit allosteric properties 14. The activity 
of that enzyme showed a sigmoidal dependence on the concentration of fructose 
6-phosphate and was increased at high (22 mM) levels of Mg 2+. The smallness of the 
increase in UDPG accompanying the apparent stopping of sucrose synthesis in the 
present study is probably due to the decline in levels of glucose 6-phosphate and 
fructose 6-phosphate. 

Besides the increase in pyruvate kinase activity and the decrease in sucrose 
phosphate synthetase activity, which result in increasing the flow of carbon from the 
cycle at one point and decreasing the flow from the cycle at another point, there is a 
small but perhaps significant, regulatory effect evident in the carbon reduction cycle 
itself. From Table I, we see that the level of fructose 1,6-diphosphate has increased, 
while the level of fructose 6-phosphate decreased. Thus, the activity of fructose-I,6- 
diphosphatase (EC 3.I.3.II), one of the regulated enzymes of the photosynthetic 
carbon reduction cycle x-8, has decreased. In Chlorella, with the light-dark transitionL 3, 
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with  f a t t y  acids 8, and  wi th  different  s tages  in the  cell life cycle 4, the  ac t i v i t y  of th is  
enzyme often changes in the  same di rec t ion  as t h a t  of r ibu lose-d iphospha te  carbo-  
xylase  (EC 4.1.1.39). W i t h  the  add i t i on  of NH4+, however,  we see (Table I) t h a t  the  
level of r ibulose 1 ,5-diphosphate  has  declined. Pe rhaps  th is  is due to  too  large a d ra in  
of carbon f rom the  cycle following the  add i t ion  of I mM NH4+. 

Calculat ion of free energy changes (AG s) accompany ing  reac t ions  of s t eady-  
s t a t e  in photosynthes iz ing  C. pyrenoidosa (rates of energy diss ipat ion  as  hea t  accom- 
pany ing  the  reactions) showed tha t  s teps  known to be metabo l i ca l ly  r egu l a t ed  were 
those  wi th  large negat ive  free energy changes 1~. The  physiological  s t a n d a r d  free 
energy change (all r eac tan t s  a t  uni t  act ivi t ies ,  except  t ha t  the  p H  is t aken  as 7.0) for 
the  p y r u v a t e  k inase  reac t ion  was ca lcula ted  to  be AG' = - 5 . 6  kcal  1~. F r o m  the  d a t a  
of McQUATE AND UTTER 1B, the  loga r i thm of the equi l ibr ium cons tan t  (not including 
H ÷) a t  p H  7.7 is ca lcula ted  to be 4.28. F r o m  the  present  s tudy ,  the  ra t io  Epyruvate]-  
[ A T P l / f p h o s p h o e n o l p y r u v a t e l I A D P ]  can be es t ima ted  as IO before add i t ion  of 
NH4 +, and  40 af ter  add i t ion  of NH4 +. Thus  AGsT.7 = - 1 . 3 6 3  (4 .28-1og  IO) = - 4 . 4 7  
kcal,  before NH4 + addi t ion,  and  AGsT. 7 -~ - 3 . 6 5  kcal,  af ter  NH4 + addi t ion.  Corres- 
ponding  rat ios  of forward  to back  reac t ion  ra tes  are thus  213o and 826, before and  
af ter  NHa + addi t ion.  
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