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I ls leaves nacea eracea have been mai i 

in a e of hi s of photosynthetic co2 fi ion more 

incorporation of 14co2 under saturating conditions 

s~ carboxylic aci 9 and amino acids, and the of 

ammonia on ion ied, 1 incorporation~ 

s 

inc 

c size have been 

most protein amino acids 

urements of i c ivities and 

ned as a function 

y-aminobutyric acid. 

the approaches to 14c 

ion•' of some amino acids indicate the presence and relative sizes 

metabolically active and passive pools of these amino acids. 

anmonia decreased carbon fixation into carbohyd and 

ion into carboxylic acids and amino aci Different amino 

aci were9 however, affected in different and highly specific ways. 

knmonia caused large stimulatory effects in incorporation of 14c into 

utamine (a factor 16), No effect or slight decreases were seen in 

glycine9 serine, phenyla1anine9 and tyrosine labeling, In.the case of 

glutamate, 14c-labeling decreased, but specific activity increased. The 

4 

on of labeled y-aminobutyric acid was virtually stopped by ammonia. 

indicate that added ammonia imulates the reactions 

iated by pyruvate kinase and phosphoenolpyruvate carboxylase, as seen 

th other ant systems. data on the effects of added ammonia on 

ing, pool sizes, and specific activi es of several amino acids 

pro vi a number indications about the intracellular sites of principal 

synthesis from carbon skeletons of amino aci and the selective 

effects of increa intracellular ammonia concentration on 

synthesis. 
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"lea 11y ive ls 

i 

) . 
es ism in a simple but 

on ism of ammonia (23). 

thi la 

ism in isol cells ) . 
on the ammonia added to photo

-~~c~Cc--oc~--

L.) leaves. 

1 s can obtai ned v/i th 

y c i ion procedures for 

cells are availa e in the literature but the cells have not been 

to in t r activity over long periods of time (3,12,20,29). 

s t photosynthetic 4c] carbonate fixation by 

inach cells into major metabolites. In particular, incorporation 

has pro vi information about amino acid 

sian of carbon skeletons this purpose. For 

amino aci 
1 

i 

ng in the state, values have been obtained 

s i c 

sizes. The methods u 

ties 9 and, by combination of 
some 

permitted/measurements for 

n amino aci ine and methionine~ and 

a more picture of no acid formation 

in 1 eaf cen s ious available. 

ious wo from this other tories s demonstrated that 
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ammonia 1 uences ic di 
14 ibution of fixed co2 



or in 1 1 discs 

( ) ' s e 

is la i ac! 

in izing ls more insi mec 

ar11monia i i uence on no acid osynthesis. 

AND t4ETHODS 

i Hybrid was ~= (J !)) 

h c 16 hour 8 1i i 

H ·i s ity was 5 X 1 o4 lux or 700 11E·m ·sec ~' 1 temperature was 

mai i 1 c. p1 were grown in vermi i wate 

Is on weekly. 

Leaves were ected from plants six eight weeks 

d. Four leaves weighing approximately one gram were washed in 

di ill water and cut into 1 rrrn squares with a razor. The midrib was 

sea pieces were placed in a 1 ml sidearm flask in 50 ml of 

ing medium (Table I), vacuum-infiltrated two times for one minute 

each~ and pl on a rotary shaker at 120 rpmin the dark at room tempera-

r min. this time the macerating medium~containing chloro-

broken ls,was discarded and 50 ml fresh macerating medium 

was asks were again placed on the shaker and incubated 

lea.f eces were then on cheese oth and the macerating 

ium was di The cheesecloth wi the 1 pieces was gathered 

i a sma 11 bag , p l in a small Petri dish, and 5 ml of wash medium 

e I) was ls were "isolated by gent"ly rubbing the cheese 

a h1 t pieces. The mc~dium was filtered through 

6 



in 

were on a 

1 a H 

on 

it ion 

on was mea 

remove 

5 

s s 

at was ·111 

i 

at a s ·i c 

8 mM. es were 

removing i 

One ml cen suspension 

ask. The asks 

rpm in a plexiglass 

from below by fluore 

was init·ia 

ty of 12.5 mCi/mM and a nal 

15 and 30 min and killed 

ion). 14co i ncorpora 2 

methanol samples~ acidifyi 

by li id sci ill on. 



concen 

quanti es 

rk 

1 ight i 

as above 

ic carbon ow and for 

ammonia. cen i 

i were 

wash a were without 

Cuso4. Also instead Hepes buffer 

as t "' Mops 3 sys ems~ " r system of 

is change was neces amphol ic 

amino acid 

ng cation ionation below). These la 

He pes impa i the subsequent chromatographic and analytic 

of buffer had no effect on total photosynthetic rates. 

for the experiments were stored for 22 h in the 

by 5 h in the light before incubation Temperatures and 
were maintained 14 _ 

sity;as before. The incubation with H C03 was performed 

in with Mops buffer) but in a total volume of 1.5 ml. X 

lel experiments were carried out, two including 5 mM KN0
3 

in the 

ium, two i uding 0.5 mM (NH4)2so4, and two with no N-source added. 

~1 samples were removed after 15,30 and 60 min incubation, and 600 

100 min. All the removed samples were killed in four umes 

and photosynthetic rate was determ·ined as described 

a 60 min samples were further analyzed as bed 

ow. e i c ivity of the 14co; used was 49 mCi/mM. 

The samples were centrifuged 

8 

l ml of fuging between washes. The combined supernatants were 

with 2 x 5 ml of ether and the aqueous phase was concentrated 

half the ini a·l volume by use of a stream of dry nitro This 
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ume remove thus 

4 ve an 

on c ining 

no 

a give 011 ic no (and 

nes). 

ons was mea by liquid 

the was subj to two-

in system previously described 

cion , the labelled areas paper were 

eces 1 h with 2.5 ml of water in 

t it ion 15 ml wa in scintillation 

liquid scintill ion 

on of on uti on. lues 

·j 

"1 ~ mal g'l sucrose, mal se, glucose 

se, 

no ae' ,, d ·~ ! vver·t:: 

i wer'e is 

acid ac·i no aci ) was subj 

on 

c ('! :3:5 ethy'l 



" 10 

(5:3:1:1 ) (compare ) ) . opment times 

and acidic amino aci were 20 and 28 h, the 

ic ively. er amoun (about 

acidic n amino acids plus 

c acid ic acid, ine ( of solubility 

ionine, nor cysteine were added to paper chromatogram origins 

location and identi ion (see below). 

inine9 hi idine, and 1 ine were to the 

ic amino aci 

system used accomplishes complete separation of aspartic 

acid, utamic acid, asparagine, glutamine, glycine, ne, threonine, 

ine, ine, phenylalanine, tryptophan, y-aminobutyric 

ac d9 i eucine, and leucine. Valine and methionine are partially over-

lapping, but most or all the~methionine present was oxidized to methionine 

s foxide pdor to the paper chromatography. Methionine sulfoxide appears 

ose ne. ine and cystine appear very near the point of origin 

uded in the ysis, The three basic amino acids were 

by the chromatographic system, 

chromatograms were sprayed with o-phthala1de-

UV-fluorescent spots for the amino acids added as carriers 

qo )(7' 11ne. 1 , The spots were cut out and radioactivity determined 

as a 

men with ammonia added it could be obs!?.rved that 

1 imi degradation of gl ne to give 5-oxoproline (pyroglutamic acid) 

place during development with the rst vent system. The 5-oxo-

"ine found ined less than 2,5% of the radioactivity found in 

utamine ( re sai '1979 (15)). 



0,1 N I 

was 

by samples 

c L5 h, 

11 

by Airharta aL 

-napth ene 

dansyl chl 
14c-1eucine and 

sample in 20 

2 mM 

res ti 

e 

a.ci \'Jere on a column (0.4 x 2 em) of 

resin pak Q from All Associates~ 

IL)(16). Porapak material was led overnight in 

umns were poured, they were ushed with 
red. 

on ion mixture with 0.4 ml 0.1 N HCl added 
wfri ch was then 

umn 1 washed with 3 x 0.5 ml N HCl. Subsequently, 
" 

hydr·oxi formed was e 1 uted with 5 x 1 ml 55b v /v aqueous 

derivatives were uted with 3 x 1 ml 80% v/v 

ni 9 dissolved in an volume 1% ethylamine in ethanol, 

ion on polyamide plates (F 1700 

, NH)(2,16). Combinations of the vent 

in l i penni ration of the derivatives 

amino acids spots were 1 in UV light, cut out, 

in each al 0.5 m1 tissue ubilizer 

England ear), 15 m1 scintillation solution 

uro 2 drops of g1aci c acid 

avo·i d c luminescence) were added, "14 C-r·atio was determ·ined 
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1 1 i ion 14c 

mg ch·l orophyll, res 

s on~ is; as 

·ivity of the 4co-
3 king into account 

ca individual amino acid). sizes are 

as nmoles mg chl orophy11. 

mi ~ the 1 s a 

arranged around the sides of 

arly shaped th the 

walls. The chloropla 

ile and have a yellow-green or. Broken or damaged 

ch1oropl that appear dark green. Storage of ls under 

1 i and dark periods similar to those of the growth chamber 

the plants are grown appears to have resulted in the retention of 

vity by the cells over a longer period of time than in the case of cells 

red under different imes light and dark (compare Paul and Bassham, 

) . 
of photosynthetic fi ion for isolated spinach cells ranging 

40 130 ~g-atom 14c xed (mg·chl·hr}-1 were observed. These rates 

d be obtained even the 1s had been stored as above for 3 days 

( g. 1). photosynthetic fixation rate remained constant for the fi 

60 min fixation. 

is 1 the 

and 
iments with various nitrogen sources/with detailed 

incorporation into metabolites~ ls were used a 

h dark and 5 hr in the light. This schedule was designed to depl 

inorganic nitrogen (although this does not seem to have been 

is ) and to avoid the initial 11
S s response" ion previous 1 y 
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occurrence other shi 
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1 initi at 

in some cases showed 

that i ·ion 

in i e 

environmen capab 1 e 

with the chosen conditions. 

'1 it ions may 

or ism by 
14co2 after h and 

"l photosynthetic rate~ pi 

in metabolism associated with ammonia" As 

by Woo and n ( L by freshly 

by ammonia treatment. th freshly prepared 

ls we so as much as 40% increase in total 

h in the dark and 5 h in the light. ammonia 

increa 14c incorporation i citrate and malate and decreased 

incorporation into sucrose (Fig, 2), in agreement th several previous 

ies ammonia on metabolism of photosynthetic cells, 

one h th ammonia. is a rease in incorporation 
1 , an increase into carboxylic acids (including 

no r t phosphate analyzed (Table II), 

inco ion i most the common amino acids was 

g. 3). Unfortunately t 14c labeling of leucine. lysine, 

was low i rel'iable For iso1eudne, 

were so "low hence not very ise, but have been used 

some ·1 ze. 



sizes a number amino acids have been cal a ted 

e II I) as a on time i ion wHh 14co 
2 with or 

ammonia sizes va ous amino acids 

were by combin on i ion with specific 

es measured by 1 ed dansyl chlori method. The 

on~ s c 1 abeling 

size mea or calcul a number the 

e IV). y-aminobutyric acid the values for total 

1 ion in the ammonia experimen were c"lose to zero. However, 

i vi ties d be measured, nally, for proline the 

incorporation in 1 experimen was too low to provide reliable 

s specific activities could be measured and used for 

cal ation of the ammonia 

OtSCUSSION 

~~~-~~Qra~d incubC!:t·ion conditions. The use of green cells 

i ated from leaves for metabolic studies has several advantages such 

as uni ty sampling9 ease of administration chemicals, etc. The 

ice condi ons u in the preparation9 storage9 and incubation of 

ls does9 however. considerably affect the results obtained, and 

some compromises are required. S·ince freshly prepared cells can exhibit 

a shi towa rat-ory type met abo 1 ism similar to some of those 

appl i ion ammonia9 we chose to use cells stored 

a lowed to photosynthesize 5 h in air to decrease the 

lular inorganic nitrogen (though resul subsequently 

showed li e difference between ls in the presence and in the 

ni in ia during this photosynthesis). 



is' 

amino aC'i 

1 as 

most common no aci 

no aci 

anine (in ni 

1 0 1 

1 from 

is 

;:d i ·ive d 

d anine in 

a, 'I es, It 

ls i 

1 i 

same t ·fme, s 

ace ross a (1 

l i 

ammonia on 

hi 

!L 

1 

i 1 ar 

one or more i 

in 

some 

no acids is 

~9 ~ 11 L 

, or 

·ific 

c 

'j 
I 

'15 

ion 

io~ 

n and pool 

creasing9 having 

incubation, 

anh1e is a 

s is 

s the iw:! 

no ac·ids (1), 

occur· 
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1 1 i other amino acids, i uding inine, 

5 ne, phenylalanine, tyrosine, ine approached 

on 11 min 1 ·is g. 3) 0 The 1 s of 

on" were lower for ard ne, and were only about 0.2% for 

2. in e. For rema ·ini ng amino ds no 

to saturation was ' but this may because the low 

, even boli ly~active pools, 

major labe'l'fng amino acids occu th alanine, glutamate, 

ne. h1g of glycine was small as would be expected 

where photorespiratory pathways should be minimi 

14c labeling of utamine was small (without added ammonia) but 

c 

i a 1 

ivity 

comparable 

ng 9% saturation at 60 min) was 

that of glutamate (which was around 20%). 

compounds are central to nitrogen metabolism in photosynthetic cells, 

ive pools should be turning over rapidly9 even with minimal 

pirat·lon. low labeling of asparagine conforms with the absence 

an important role in intracellular metabolism (as compared with its 

important role in extracellular nitrogen transport). 

low level labeling of the remaining amino acids probably 

the that they are primarily synthesized for subsequent protein 

is which occurs at a low rate in mature leaf mesophyll cells. The 

ratively higher labeling of phenylalanine and to a lesser extent 

h1e may be e they are made from primary products of photosynthetic 

ion (erythrose-4-P and phosphoenolpyruvate) as well as the fact 

the aromatic amino acids are precursors for a number of secondary 

s. 



Effects of ammonia in the medium. The shifts in carbon 

metabolism away from carbohydrate synthesis and to amino acid 

synthesis were in general agreement th ious studies with spinach 

ls (29,30) and with Chlorella {13,14), poppy cells ), falfa leaf 

discs (26), cells from bean and discs from cow pea (18), and from cotton 

ls ), The present study, by providing more detail information 

about pool sizes and additional amino acids gives a more complete picture 

this dramatic shift in metabolism. 

The ammonia effects on the incorporation of 14c into amino acids 

and on their pool sizes and speci c radioactivities were highly selective. 

As expected, the most dramatic increase was in the 14c labeling of 

lutamine. The glutamine pool size was also greatly increased. Only a 

small fraction of the ammonia in the medium was taken up during the course 

of the experiment, and the increased glutamine pool size could account for 

only 10% of the ammonia supplied. In contrast, 14c labeling glutamate 

decreased, but its pool size decreased even more~ so that 1 1f1c 

radioactivity increased. 

In the cycle of compound interconversions involving glutamate, 

glutamine and oxogl uta rate, the increase in intra cellular ammonia shifted 

the steady state to increase glutamine concentration at the expense of 

glutamate. At the same time, increased flow of 14c from phosphates 

into the tricarboxylic acid e provi more carbon skeletons for 

glutamate synthesis via the reaction mediated by glutamine oxoglutarate 
the 

aminotransferase. In studies with Chlorella (14) and poppy (23),/level 

of label glutamate first declined when ammonia was added due to more 

rapid converison to glutamine, and then rose due to a more ·than compensating 

increased ow of 14c into the tricarboxylic acid cycle. This increased 
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O\'J was buted erated reactions mediated by phosphoenolpyruvate 

ase and pyruvate kinase. Given the accelerated formation of c5 
s etons and the i rate conversion of glutamate to 

gl ne in the of ammonia~ it is understandable that the result 

is sometimes an increase in labeled glutamate (29) and sometime a decrease 

) . 
rease in speci c ivities of the glutamate-derived pro1ine 

y-aminobutyrate and the decrease in the total incorporation into y

aminobutyrate may be due to decreased pool size of some metabolically active 

utamate pool. A in 14c incorporation into products derived from 

carbon skeletons of glutamate would be expected if the specific activity 

active metabolic pool of glutamate was already near saturation without 

ammonia addition, but the size of this active pool decreased substantially, 

to one-half or one-third, in the presence of added ammonia, and if 

rate of formation of the products from glutamate is dependent on 

gl concentration@ 

With ammonia present, no decrease in labeling of arginine was seen 

even though it is also derived from glutamate. In this case, one of the 

nitrogen atoms is derived directly from ammonia and a second one from 

aspa te, while the carbon atom in the guanidine group comes directly from 

Increased arginine labeling thus may be due to the increased level of 

i lular ammonia. 

The pool size of asparagine was unaffected by ammonia, but total 

1 ling and speci c activity increased several-fold (Table IV). 

Incorpo ion of 14c was in any case rather small, in keeping with the minor 

e of asparagine in the intracellular metabolism of leaf cells as compared 

with its e in nitrogen transport, 
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14c incorporation and i c vity of anine and 

increa th ammonia and was some increase in 

in gure 3 suggest an i 

alan·ine one or more metabolically active pools which by 60 min 

is nsaturated with 14c. The increased 14c incor·poration and specific 

iv'lty of pool can be i as an expan on the 

ive pool which is half the total pool. Simil y as rta.te ~ 
. . 14c . ~ . . 1ncreases 1n 1ncorporaG1on. spec1 

mainly to ion of an 

total pool a rtate. 

c activity, and size could be 

ve pool approximately a fifth of 

l 1 · ht d · th 14c · t · · t were on y s 19 ecreases 1n e 1ncorpora 10n 1n· o 

ve 

ne and glycine and no effects on total pool size. Under the conditions 

saturating C02 (as bicarbonate) used in these experiments, little 

photorespiratory formation of these amino acids would be expected. Rather~ 

through 
they would be formed by the reverse pathway,;phosphoglycerate, glycerate, and 

to and 
hydroxypyruvate,/serine,/glycine. The small decrease in labeling might be 

expected due to the decieased size of the active pool of glutamate, as required 

the transamination of hydroxypyruvate to form serine. 

beling of phenylalanine declined only slightly with ammonia, and 

tyrosine labeling was unaffected (Table IV). The shikimic acid pathway of 

aromatic amino acid biosynthesis requires erythrose-4-phosphate and phospho

pyruvate, both of which can be formed in the chloroplasts, and synthesis 

aromatic amino aci by isolated and purified chloroplasts has been 

rted ( 5), 

14c labeling of threonine was unchanged with ammonia, and for 

1 eucine only slightly increased (Table IV). but the total pool sizes 
and 

were ved 1 the specific activities roughly doubted, These amino acids 



are ved from a ?with biosynthesis king place in the 

a ( 17). This in pool sizes could be due·to decreas 

size g1 ·in the oropl 

des t on glutamine, by the most dramatic effect 

ammonia was the sixteen~fold increase in labeling of hi idineo Only 

a 60% increase in pool size occurred, but specific activity increased ten-

can 

b 

d (Table IV). While this large effect is of interest, no interpretation 

advanced 

sis 

to the paucity of information about the pathways of 

hi idine in higher plants. 

A three~fold increase in labeling and specific activity of valine, 

t much increase in pool size suggests increased availability of 

carbon s etons derived from photosynthetic co2 reduction in the presence 

ammonia, together with a more rapid turnover of the active pool of valine. 

Valine is derived from pyruvate so that correlation with the changes in 

alanine, also derived from pyruvate, might be expected. The 14c incorpora~ 

tion into leucine (only total incorporation was determined) increased 70%. 

ine is derived from valine (or the corresponding oxo~acid) and acetyl 

, so that some s·lmilarity of ammonia effects to those seen for alanine and 

valine is expected. 

The different effects of ammonia on 1 incorporation, pool sizes, and 

ific radioactivities of various amino acids can in general be explained 

by the following hypotheses: 

l. Addition of ammonia to the medium results in an increase in the 

intracellular level of ammonia resulting in: 

2. Increased conversion of glutamate to glutamine and hence d~creased 

glutamate pool size and increased glutamine pool size, 

3. Stimulation carbon flow from triose phosphates formed by photo-

ic co? reduction into pyruvate and the tricarboxylic acid cycle, 
'-



iding more 

such synthesis occurs 

more 'l a 1 i ng by is 

skeletons for the synthesis of amino acids, where 

1 the chloropla rbon skel receiving 

ow i ude required synthesis alanine, 

, glutamate glutamine, asparagine, ine, inine, histidine, 

leucine. imiting steps in the flow of carbon imulated directly 

or i i y by ammonia inc'lude those mediated by pyruvate kinase and 

phosphoeno'l pyruvate ca.rboxyl a i b'l e me chan 'Isms . increased ra 

these and of other 

are discussed below. 

between tr·iose phosphates and phosphoenolpyruvate 

4. Amino aci synthesized primarily inside the chloroplast do not 

more rapidly labeled nee there is no increase in the rates of forma-

on their carbon skeletons inside the chloroplasts. For example. 

aromatic amino acids formed in the chloroplasts from phosphoenolpyruvate 

(and erythrose- ) are not more rapidly labeled~ while such amino acids 

as anine formed from pyruvate outside the chloroplasts are. Threonine 

and isoleucine, believed to be formed inside the chloroplast from aspartate, 

are formed with higher specific activity because aspartate labeling has 

increased, but pool sizes are decreased, perhaps because of the decreased 

size glutamate in the chloroplasts. 

A possible interpretation of the mechanism whereby ammonia affects 

carbon flow from photosynthesis to oxo-acids synthesis can be based on 

expected of ammonia entry into the cells, Primary effects would 

an increase in pH of the cytosol and a decrease in the adenylate energy 

rge due to greatly increased conversion of glutamate to glutamine 

(mediated by glutamine synthetase) requiring the expenditure of ATP, 



in 

i 

A 

in 

increase in d t in i vi 

ase~ as was in ammonia on 

ls ( 1 0) 0 A a tory e this • mediated by pH has 

Davies ( 6) 0 

i decnne in the in the cytosol (but probably 

oropla ) could several steps in the flow of carbon 

ose phos 

conversion 

pyruvate and 

phosphoenolpyruvate 

to lower energy charge. Other 

acetate. The observed increa 

pyruvate could be due 

sible effects might include 

least 

of conversion of triose phosphate to phosphoglycerate through 

imul on phosphoglycerate kinase. and decreased rates of conversion 

fructose 1,6-diphosphate to fructose 6-P. due to regulatory inhibition 

diphosphatase. Perhap~ also, lower energy charge could cause 

1 ower UTP 1 s. diminishing the rate of sucrose phosphate synthesis by 

lowering the steady-state concentration of uridine diphosphoglucose. A combina

tion of such effects could result in a shift in metabolism away from glucose 
ion and towards oxo-acid formation. 

The detailed examination of the effects of ammonia on the labeling. 

sizes and speci c activity of most of the common amino acids shows 

that ammonia effects are specific and ective, and that ammonia does not 

induce a generalized stimulation of protein synthesis. at lea 

on the time 

protein 

e examined in these experiments. Results from isol ion 

ons in these experiments (not shown) indicate also 

there was no difference in the labeling of the protein amino acids 

on ammonia treatment. Clearly, there is a substantial difference between 

studies with leaf cells, where the results throughout indicate we 

were unable "starve 11 the cells inorganic nitrogen~ and earlier 



la (13514) where such trogen etion prior 

i ammonia was sible, and increa protein synthesis res 
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