Lawrence Berkeley National Laboratory
Recent Work

Title
AMMONIA REGULATION OF CARBON METABOLISM IN PHOTOSYNTHESIZING LEAF DISCS

Permalink
https://escholarship.org/uc/item/11n5k7rl

Author
Platt, Steven

Publication Date
1977-03-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/11n5k7r1
https://escholarship.org
http://www.cdlib.org/

‘Jn;)‘-«é/,}‘,r';_)'/

Submitted to Plant Physiology LBL-6165
Preprint C

AMMONIA REGULATION OF CARBON METABOLISM IN
PHOTOSYNTHESIZING LEAF DISCS

Steven G. Platt, Zvi Plaut, and James A. Bassham

March 1977

B
»

Y U ‘v“,

Prepared for the U. S. Energy Research and
Development Administration under Contract W-7405-ENG-48

" For Reference

Not to be taken from this room

\_ _J

3

\‘.')

$919-1dT



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



Running head: AMMONIA REGULATION OF PHOTOSYNTHESIS

A_ddress for correspondence:,
Dr. Sfe'ven G. Platt
Western .Regionalv Research_ Center
ARS, USDA

Berkeley, CA 94710



Title: Ammonia Regulation of Carbon Metabolism in

Photosynthesizing Leaf Discs]



Ut

Manuscript received date:

Revised manuscript received date:



Steven G. P]attz, Zvi P]aut3, and James A. Bassham

Laboratory cf Chomical Biodynamics,
Lawrence Berkeley Laboratory,
University of Cé]ifornia,
Berkeley, California 94720

and
Western Regional Research Center,
Agricultural Res=zurch Service,
United States Department of Agriculture,

Berkeley, California 94710



This work was supported'in part by the United States Energy Research
and Develonment Administration, and in part by the Western Regional

Research Center of the United Statestepartment of Agriculture.

To whom requests for reprints should be addressed. Address for

correspohdence: Western Regional Research Center, A.R.S., U.S.D.A.,

_ Berkeley, California 94710.

Present addrass: Agricultural Research Organization, Bet-Dagan,
et 9 3 g

_Isfae].

Abbreviations: = o-KG: a-ketoglutarate; OAA: oxaloacetate; PEPA:

'phosphoeno]pyruvate;'RPP: reductive pentose phOSphate;iTCA: tri-

- carboxylic acid; UDPG: uridine diphosphoglucose.



.ABSTRACT

Alfalfa (Medicago sativa L., var. E1 Unico) leaf discs, floatirg on
14

buffer containing NH4C1 and photosynthesizing with COZ’ produced sub-
stantially more labeled amino acid and less sucrose than did control discs
(no added NH4C]). The level of pyruvate increased and thaf_of phosphoen¢]—v'
pyruvate decreased. We conclude fhat pyruvate kinase was activated_by
ammonia, resulting in increased transfer of photosyntheticaliy incorporated
carbon to synthesis of amino acid skeletons at the expense‘of.sucrose' |
synthesis. Carbon f]ow through enzymes catalyzing the anapluerotic reaction§
was apparently stimulated. The probab]e physiological signifiéance of

the ammonia effect is discussed.
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Nitrate reduction and‘the initial incorporation of ammonia in higher .
~plant leaves (along with the‘role.of light in those processes) have been
subjects of appreciable recent feséarch (5,6,13,14,20). Given the require-
ment for 1ncorporated'ammonia in protein production; it is df interest
to determine whether reguiatory mechaiisms in leaves controlling the flow
of carbon to end products.invo1ve’that subséance. The prodUction of amino
acids and proteih during photosynthesis, the production of protéin by chloro-
- plasts, and the incorporation of ammonia during photosynthesis are well
estab]ished (3,4,6;19,22); The -intracellular NH4f level could coﬁtro]

leaf photosynthetic'carbon metabo]ism with respect to sucrose synthesis

versus the amino acid. synthesis neCessary for protein production and leaf

growth.
Kinetic studies of 14¢- 1abeled compounds formed in the unicellular
green alga Chlorella pyrenoidosa during photosynthesis with ]4C02 has indi-

cated that ammonia brings about increased amino acid synthesis in part
due to stimu]atfon of pyruvate kinase (11). We have now investigated
whether a similar regulatory mechanism is active in the leaves of higher
plants. The plant chosen for investigation was alfalfa because of its
potential as a source of leaf prdtein for direct human consumption (8).

In our experﬁments we have used the techniques of kinétiﬁ tracer:
éna]ysis of steady state photosynthesis (2,25). Labeled carbon dioxide
fixation by alfalia leef discs in the pfesence and absence of NH4C] was
examined. Analysis of the labeled products formed in the discs as a function

of time indicates that amnohia_is a requlatory agent in alfalfa leaves.



MATERIALS AND METHODS

Plant Material. Alfalfa (Medicago sativa L., var. E1 Unico) seeds
were planted in 12 cm of vermiculite. The plants were grown at 3000
ft-c and 15 C with a S-hr ]ight period and a 15-hr dark peripd. Plants
were ferti)ized with modified Hoagland's solution. Second through fourth
unfolded leaves were excised after 1 hr of Tight (with their petio]eé under
- water) from six-weck old plants. The 1eave$ were placed on a rdbber sheet
and 1 cm diameter leaf discs were cut out with a cork borer.

Steady Stat: Gas Circulation System and Leaf Disc EXposure Flasks.

The closed gas circulation system described previously was employed (25).

f_]2602, 14

The levels o COZ’ and oxygen in the circulating gas stream wefe
contihuogs]y recorded. A small diaphragm pump was used to recirculate

the gas. Leaf_discsiwere exposed to carbon dioxide in twelve 4.5-cm diameter
flasks made from ground-glass joints and having tranﬁparent upper and ]owef
surfaces. Each flask was fitted with gas inlet and outlet tubes, a serum
stopper>a110wing for additioﬁ of reagents duking experiments, and five
glass leaf-disc holders serving to prevent leaf overlap. For experimental
purposes a disc placed in each holder was floated on buffer solution (see
below). The flasks were mounted in the témperaturevcontrolled shaking
devicebdescribed for chloroplast experiments (10) and were attached to the
steady state gas circulation system through a manifold. The flasks were
illuminated (2400 fth) through the transparent bottom of the shaker device
water bath. | |

Photosynthetic Carbon Dioxide Fixation. Immediately after being cut,

the leaf discs were floated on 4 ml of 0.05 M phosphate at pH'7.4 and 0 C
in the disc exposure flasks. Twelve flasks were Utilized; each contained
five discs comprising a single sample. The flasks were transferred onto

the shaking device (temperature regulated at 27 C + 1 C) and attached to



the gas circulation system. Gas f]owlwaslcommenced with 0.04% C02 in air

(20% 02): After 12 min of preincubation in the dark, the lights were turned

on and amnonium-chloride in the pH 7.4 buffer was injected into six flasks

to .give a final concentration of 0.005 M NH,C1. Photosynthesis with ]ZCO

4
| was observed for ]Z min. At that time thé unlabeled carboh dioxide in
air was rép]aced by 0.038% 14

2

co, (specific radioactivity 30.2‘uCi/pm01e)
in air (20% 02). Samples of control and ammonium-treated leaf discs were
removed at the time intervals shown in the RESULTS. As each sample was
removed,ythe Teaf‘discs composing it were immediate]y frozen in liquid
nitrogen. o

Analysis of ]4C—Labe]ed Products. Each sample was ground at liquid

‘nitrogen temperature in a tissue grinder, and tﬁen with 80% ethanol (v/v)

in a dry ice-acetone bath. The leaflet powder was sucéessive]y extracted

with 6 ml of 80% ethanol (dark, 1.5 hr, 20 C), 2 ml of 20% ethanol (1 hr,

20 C),'énd'then with 2.m1_water (O.thr, 70 C). The extracts of eéch‘samp]e
: wére combined. Thefpellet from each sample was collected on filter paper,
AWashed with 3 drops of formic acid and dried in a vacuum dessicator‘over
silica gel and KOH. The_peﬁ]ets were then combusted (Packard Automatic
Combustion Apparatus) to give data on 14C02 fixation into insoluble matgria]s.
Sample extracts were analyzed by liquid séinti]]ation for fixatjon into

total soluble metabo]ites;
14 '

Fixation of _CO2 into individual soluble metabolites was analyzed

by two~dimensional'paper chromatography. .Sévera]‘chromatograms were developed
for each samp]e, Most metabolites were detefmined from chromafograms developed
for 24 hrvand also 48 hr in each difectioﬁ using, with one modification,

the solvent system of Pedersen, et al. (23). The pH of the'phenol-water—

“acetic acid-EDTA solvent used in the 24 hr'deve]ohment was adjusted to

pH 4.2 (24). Quantitative glycolate isolation and.glycine and serine isolation
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were accomplished on two sets qflchromatograms (24). Radioactive-
areas were Jocated and major labeled metabolites identified as described
earlier (23-25). Radioactivity in each compound was determined by elution
with wéter, fo]]owed-by Tiquid scintillation counting. |
Samples were analyzed for ¢-ketoacids by first'preparing and purifying

the 2,4—dinitrophény]hydrazone,derivatives essentié]]y as described by
Bachelard (1). Unlabeled sodium py(uvate was added to aliquots of each
sanple prior to reaction with 2,4-dinitropheny]hydraz1né. The mixture
of hydrazones was 31alyzed on Whatman 1 paper using. a recently devised
solvent system for two-dimensional paper'chromatography. Chromatograms
were firét developed for 24 hr w1th.n~butano]—ethano]—lﬂ_NH40H (13:2:5)
(15) .and then in the second dimension for 19 hr with butanol-propionic
acid-water (23); Labeled materials were located by radiocautography (23).
The pyruvic and a-ketoglutaric aéid derivatives {(yellow in color) were
identified by coincidence with added unlabeled carrier. fhe oxaloacetic
acid derivative was identified by its mobj]ity in butanol-ethanol-1 N NH, OH
(15). The a—Kannd_OAA derivative spots were excised from thé paper priof
~ to development in the second,dimension. The locations of the derivatives
of hydroxypyruvaté'and glyoxylate:were determined by chromatography of
standards and wére found to be well separatéd from the pyruvate, «-KG,
and OAA derivative spbts. Several of the derivatives gave ﬁouble spots
on the chromatograms as previously noted (15,]6). Radioactivity was deter-
mined by automaltic Geiger éounter (23).

| A1l fixation results were expressed on the basis of microgram atoms
f]4C/dm2 df leaf arez. The microgram atoms of ]46 were calculated by divid-
ing the radioactivity of the product, in uCi, by the specific radioactivity

14 :

of the entering CO?.
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RESULTS

The presence of ammonium ChToride did not affect the total rate of
leaflet photosynthesis (11.2 ng Coz/hr~dm2), nor the rate of 1ncorporation

of 14

£ into total soluble products, but it did bring about a decrease in
sucroséblabe1ing (Fig. ])."Decreased tracer incorporation into sucrose
was accdmpanied by"Sharp]y 1ncrea§ed labeling of glutamate and aspartate
(Fig. 2). .Glutamine ]abe]ing; which was extremely low in tﬁe‘absence of
NH4C1;'was:substant€a1 in its presence (Fig.2). Lape]ingvof other 1d¢htif
fied amino acids'(a]aniné; glycine, serine) also increased (Fig. 3). |

_ o _ .
Tricarboxylic acid.intermediates varied in their response to NH4 :

Citrate
- labeling increésed while malate labeling was unéhanged‘(Fig. 4). A]pha—
-*ketogTutafate labeling decreased while oxaloacetate labeling was unchanged
(data not showﬁ). These_changes result from interactions between several
paths of carbon flow into and out of the TCA cycle (see DISCUSSION)}

'Différences between the two experimental conditions in the levels
of pyruvate and phosphoeno]pyruvate were of particular interest‘given the
]0cation“of these metabolites between the RPP cycle ahd'probablevpathwéys
of carbon‘utilization (pakticu]ar]y those of amino acid synthesis), Pyruvate
1abe1ihg increased while fhevsteady-staté level of ?EPA decreased when
the discs were exposed fo NH4C1 (Fig. 5). The ratio of pyruvate to phosphénol—
pyruvate doubled (Fig..S). |

In the présencé of NH4+, stéady-state pool sizes of several metabolites

inc]udfng glycolate, glycerate,.phosphoglyceric acid; ahd the tota]'sugar‘
dfphoSphafes wefe unchanged'from thé contro]jva]ues,.whi]e thé total steady-
state pod] Size of tie sugar monophosphates was slightly lower than the
control value (data‘not.shown). UDPG labeling inCreased in the presence

of ammonium ion (Fig. 6).
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* DISCUSSION

The data indicate that ammonia acted as a regulatory agent in the
phqtosynthesizing leaf discs. The ]arge increases in amino acid labeling
(Figs.2 and 3) are evidence fér increased flow of recently fixed carbon
from the RPP cycle to production of amind acidicarbon skeletons. One site
of requlation is conc]uded.to-be the pyruvate kinase-mediated reaction.
Qur cbservation of inéreased pyruvate level and decreased PEPA pool size
in the presence of amnonia (Fig. 5) 1is evidence for activation of
that enzyme. Qreaber carbon flow to pyruvate énd the increased pool size
of that metabolite provided for the obsefved-increase in alanine labeling
(presumably formed from-pyruvafe by transamination (9,11,12)). The carbon
skeleton for glutamate (d—KG) presumably arises from the operation of Severa]_
TCA cycle reaétions (18). Increased labeling of citrate (Fig. 4), glutamate
and glutamine (Fig. 2) required a greater rate of acety]'CoA synthesis (as
well as'increased C-4 acid synthesis, see below). An increase in the rate
of acetyl CoA synthesis in the presence of a iower sfeady’stéte poé] size
of PEPA is further evidence for pyruvate kinase activation. Decreased a-
KG labeling in the presence of buffer containing NH4+ was apparent]y due
to-ité increased withdrawal fdr use in glutamate and g]utamine synthesis
éxceeding the greater jnflux of carbon into the ¢-KG poo7; The increased
formation of g]utaminevSUQgests that newly fixed carbon was uéed to increase
the size of the glutamate pool used in 1n¢orporat1ng amnonia into glutamine
(13), as well as that put to other metabo]ic'uses;

Activation of pyruvate kinase in highef plants by aﬁmbnia is supported
by work with the partially purified enzyme. NH4+_stimu]ates pea- and cotton-
seed (17,30) as well as carrot (30) pyruvate kinase. Activation in alfalfa

is also consistent with the earlier conclusion drawn from Chlorella pyrenoidosa

photosynthesis data (17). It could be argued that pyruvate kinase was only
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1ndirect1y:activeted by ammonia; theedirect effector being either glutamate
or g]utamine. We do not believe this to be the case. G]utamete end glutamine
vhavevbeen‘found to not affect the activity of partially burified_higher.p1ant
pyruvate kinase (7,21). Furthermore, in Chlorella (where it was also cohc]uded
that.NH4+ activated pyruvate'kinase) ‘more immediate labeling changes occurred
in ﬁyruvate andAPEPA than in the two amino acids when ammonia was added (]]).
It can be noted that pyruvqte k1nase appears to be a genera]]y 1mportant
| regu]atory enzyme (28). |
Incxeased 1abel|ng of glutamate, g]ufamine aspaftate (Fig. 2)
and c1trate (F1g 4), 1in the presence of NH4 suggests that oxa]oacetate |
was formed 4t an increased rate and that a stimulation of anapluerotic
carbon flow had occurred. Oxaloacetate fs presumably synthesized in the
~cytoplasm by phoSphéeno]pyruvate'carboxy]ase (12) and perhaps a]so.in the .
mitocﬁondrfa through oxidation of malate produced by malic enzyme (). -
Malic ehzyme or phosphoenolpyruvate carboxylase'may have been acfiyated_
'-by NH4+, It”is also pessib]e ihat ma]ic enzyme was simply responaing_to |
the increased level of its substrate pyrﬂvate. The absence of an 1n¢rease
in the empirically determined Tevel of OAA wasedue io the increased carbon
~ skeleton withdrawal for amino acid production made possible by exogenous
ammonia. | | | |
The absence of major change in alfalfa steady-state 1evels}of RPP
cyeie intermedietes when the discs were SUppjied With NH4C1~conta1ning
buffer indicates that the phoiosynthetie cycle was well regulated. Increased
carbon withdrawal to yie]dvamiho acids (Figs. 2 and 3) was compensated
for by the decreased rate of carbbn~w1thdrawa1vto form sucrose (Fig. 1).
Condensatioﬁ of fructose-6-P and UDPG is possibly the major path of
sﬁcrose synthesis in leaves (32). The decrease in sucrose labeling (Fig.
‘]), given an 1ncreesed”1eve1 of UDPG (F1g 6), suggests an inhibition by

ay t _
.NH4 of sucrose phosphate synthetase the enzymﬂ which caLa]yzes that reaction.
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The same reagtion was appérent]y inhibited by'ammonia in algae (11).
However, 1n a1fa1fa (in‘contrast to the situation in algae) the production
of sucrose did not completely cease, but only dec]ined when NH4+ was supplied.
Hence, it appears that in higher plants a balance is maintained between
amino acid synthesis and sucrose synthesis, andvone process is not completely
inhibited to provide for greater bperation of the other. This satisfies
the confinuing need fdr sucrose export from leaves to nonphotosynthetic
tissue in h{gher plants. |

The observed increases fn 1abeiing of glycine and serine (Fig.3) are
of particular interest as. the carbon ske]etdﬁs for those two amino acids
are formed‘by different paths from those for aspértate and glutamate.
Glycine and serine production in higher plants is generally thought.of
as pfoceeding from glycolate formation (29),vbut evidence also exists for
Serine prodhction more directly from PGA under certain conditions in éomé
species including alfalfa (26,29,31). It is therefore evident that amnonia
in hfgher plants can éct to increase amino acid productfon by many metabolic
paths. Regu]aﬁion by ammonié is therefore well designed tovprovide.for
greater protein'synthesis.

| Our dafa, and the data on isolated higher plant pyruvate kinase, suggests

an actual physiological regulatory role for ammonia‘in amino acid synfhesié.
. However, while nitrate reduction occurs in the cjtop]asm, nitrite reduction
and concommitant amnonia formation and incorpofation in leaves épparent]y
occurs in tﬁe chloroplast (13,14,18). Regulation by means of amnonja
requires an interaction with pyruvate kinase and possibyy other enzymes -producing
amino acid carbon skeletons, enzymes which are apparently 10catedvmain1y
outside the chloroplast (9,12,18). For ammonia produced within that organelle,_
as well as amwonia of extrachloroplastic origin, to regulate amino acid

synthesis requires a relationship between cytoplasmic and chloroplastic
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NH4+ levels. Since ammonia apbarent]y penetrates the chloroplast membrane

to some extent (18) such a relationship is not unexpected. Furthermofe,_

-in additional experimenfs similar to that we now describe (but conducted

at Tow O2 pressure) we have found that exogenously supplied NO3_ (as well

+ . s . . . .
as NH4 ) resulted in activation of pyruvate kinase and increased amino

acid formation during photosynthesis wifh ]4C02

That activation is most simb]y interpreted as being the result of an increase

in intracellular amnonia level resulting from nitrate reduction followed

by nitrite reduction.

in alfalfa leaf discs (27).

e 4 e o i g 1T = e+

e, oy s cme
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; ' LEGENDS FOR FIGURES

1. Effect of NH4+ on total photosynthetic ]4C incorporation,

]4C incorporation into solubles, and ]4C incorporation into sucrose

* by alfalfa leaf discs exposed to 0.038% ''CO, (30.2 uCi/ ymole)

in air (20% Oz)iat 2400 ft-c. d, control; x, 0.005 M NH4+.

2. Effect of NH4+ on -the labeling of glutamine, glutamate, and

aspartate in alfalfa leaf discs photosynthesizihg<with ]4602

under the conditions described in Fig. 1. o, control;

X, 0.005 M NH,".
3. Effect of NH4+ on the labeling of alanine, glycine, and serine

14

in alfalfa leaf discs photosyhthesizing with CO2 under the

conditions described in Fig. 1. o, control; x, 0.00S-M NH4+.

4. Effect of NH +'on the 1ébe11ng of malate and citrate in alfalfa

4 .
leaf discs photosynthesizing with ]4C02 under the conditions

described in Fig. 1. o, control; x, 0.005 M NH, .

5. Effect of NH,' on the labeling of pyruvate, PEPA, and the

ratio of labeled pyruvate to PEPA in alfalfa leaf discs photosyn-

14

thesizing with CO2 under the conditions described in Fig. 1.

0, control; x, 0.005 M NH,".
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