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DYNAMICS OF THE PHOTOSYNTHESIS OF CARBON COMPOUNDS
II. AMINO ACID SYNTHESIS

David C. Smith,” J. A. Bassham, and Martha Kirk

Lawrence Radiation Laboratory, University of California
Berkeley, California

July 1960

SUMMARY

14 F urther kinetic studies have been made on the rates of appearance
of C" ” in individual compounds foi.zned by Chlorella pyrenoidosa during
steady state photosynthesis with C""O,. Total and "active' pools of several
amino acids have been determined. zI‘he effects of adding unlabelled acetate
and of turning off the light have been studied in this system.

The following results and conclusions were obtained:

1. From the rates of appearance of CM in the compounds and from
the size of the "active' pools, the rates of synthesis of alanine, serine,
aspartic acid, glutamic acid, glutamine and several other amino acids have
been calculated, ' '

2. The total of the carbon fixed into these amino acids and into the
carbamyl carbon of citrulline is about 30 % of the externally measured rate
of uptake of CO, during steady state photosynthesis. If certain assumptions
are made, this %ota.l carbon fixation into these amino acids is equivalent to
about 60" of the externally measured rate of ammonium ion uptake during
these experiments. From this it is concluded that the greater part of carbon
used in protein synthesis passes through these amino acids as intermediates.

3. Comparison of "active' pools with measured total pools in the
cases of alanine, serine, glutamic acid, and aspartic acid shows that the
“active' pool is usually less than half the total pool, and thus indicates that
there are at least two pools of these and probably of other amino acids.

4. The early attainment of maximum labeiiivg rate of alanine and
of aspartic acid as compared with the time of saturation of compounds of the
carbon reduction cycle and of secondary intermediates of carbon fixation
(such as sucrose) indicates that the "active' pools of these and probably
some other amino acids are formed directly from intermediates of the carbon
reduction cycle, without the intermediacy of secondary fixation products.
Since the carbon reduction cycle intermediates are believed to be formedand
utilized in the chloroplasts, it follows that the active" pools and the site of

o mrine

%
Harkness Fellow of the Commonwealth Fund, New York, 1959 - 1960,

Abbreviations: PGA or 3-PGA, 3-phosphoglyceric acid; PEPA, phosphoenol -
pyryuvic acid; ATP, adenosine triphosphate; TPNH, reduced triphospho-
pyridine nucicotide.
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synthesis of these amino acids are within the chloroplasts as well. The
pools which are less actively turning over during photosynthesis are con -
sidered to be in the extra-chloroplastic space, or cytoplasm. The latter
pools become labelled very slowly. Thus, during photosynthesis, the
greater part of protein synthesis occurs in the chloroplasts.

5. Upon addition of unlabelled acetate to the algal suspension
during photosynthesis, there is a rapid synthesis of unlabelled glutamic
acid, but no effect on the rate of formation of labelled glutamic acid. This
is taken as an indication that the added acetate is used in the synthesis of
glutamic acid outside the space occupied by the active pocls,

6. Whefx the light is turned off, following a long period of photo-
synthesis with C L » there is first an increase in pools of unlabelled amino
acids, followed by an increase in pools of labelled amino acids. A tentative
explanation of this coupling effect is given,

7. New, and as yet hypothetical, pathways are proposed for the
rather direct conversion of the carbon reduction cycle intermediate,
3-phosphoglyceric acid, to alanine, serine, aspartic acid, glutamic acid,
and glutamine.
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INTRODUCTION

Methods have been developed which permit comparison of exter-
nally measured rates of photosynthesis in Chlorella pyrenoidosa with the
rates of flow through individual compounds in the biosynthetic pathways.
These methods depend on the observation of appearance of radiocarbon '2
individual compounds as a function of time of exposure of the plant to C" O
durin§ %teady state photosynthesis. ~ It was found that the carbon reduction
cycle”’ ” and carboxyllation of phosphoenolpyruvic acid account for at least
73% and probably much more of the total carbon assimilation. In the present
report we will describe measurements of the flow of carbon into several
amino acids which are among the more important secondary intermediates
in the photosynthesis of carbon compounds.

In the early studies of photosynthesis in algae with C140 , alanine,
aspartic acid, and several other amino 3cids were identified as beéing among
the first compounds to become labelled. © These compounds, as well as malic
aclig, were slowly labelled even in the dark when the algae were exposed to
C 02. They were labelled much more rapidly if the algae were photogynthe -
sizing or were in the light until the moment of addition of radiocarbon.™ It -
was recog;lized that these compounds were products of photosynthetic reduc-
tion of C "0O,, even though they could also be slowly labelled by reversible
decarboxylla%ion reactions of respiration.

Accelerated incorporation of CMO into the amino agidg of higher
plants dézréngdztﬁtosynthesis has been noted in this iaboratory ’  and in many
others. * "’ "’ So workers have su%%ested that certain amino acids
such as glutamic acid™ ™~ and aspartic acid” " are primary products of CO2
incorporation during photosynthesis. .

N ichiporovitch8 has presented and reviewed evidence that the
synthesis of proteins in the chloroplasts of higher plants is greatly accel-
erated during photosynthesis. This accelerated protein synthesis appears
to utilize intermediatii of phetosynthetic carbon reduction euxce the proteins
were labelled when C* "0, was admipjstered but not when C” "-labelled carbo-
hydrates were supplied. “ Sissakian~ has reported and reviewed experiments
that show that protein can be synthesized in isolated chloroplasts from non-

protein nitrogen, including peptides.

Holn'x-Ha.nsen14 found that the incorporation of CMO into amino
acids was considerably increased in algae when they were supplied with am -
monia. This increase was very marked in the case of glutamic acid. It had
previously been found that algae photosynthesizing in distilled fgatfg made
very little labelled glutamic acid until the light was turned off *”* °°, where-
upon there was a large increase in the labelling of both glutamic acid and
citric acid, but no notable increase in labelled alanine.

In the study reported here, we have sought answers to the following
questions:

1. What are the rates of flow of carbon through amino acids during
photosynthesis and what portion of the total carbon uptake can be ascribed
to amino acid synthesis?
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2, Is there more than one reservoir of each amino acid? If so,
what are the concentrations of the reservoirs directly involved in photo-
synthesis?

3. What are the metabolic pathways leading from primary products
of phdétosynthesis to these amino acids, and are any of these amino acids them-
selves primary products of carbon reduction?

4. What is the explanation of light-dark transient effects on the
rates of synthesis of various amino acids?

EXPERIMENTAL

The experimental methods relating to maintenance of the algae
(Chlorella pyrenoidosa) under stead}I state photosynthesis and the analysis
of the labelling of compounds with C 4 has been described in this journal.

The same methods have been used in these studies except as noted.

1. Nutrient solution. The nutrient solutions used earlier, while
adequate for the purposes of those experiments, were insufficient to maintain
the levels of amino acids and their rates of formation constant over several
hours. We have therefore experimented with various nutrient solutions,
testing for the maintenance of steady state photosynthesis as well as for the
effect on paper chromatography. We have now found two solutions which
appear to satisfy our requirements. One of these is a '"starting' medium
{Table I) which is used for suspension of the algae at the start of the experi-
ment. The other is the "adding'" medium {Table II) which is added automat-
ically to the algal vessel as the pH of the suspension changes in response to
mineral uptake by the algae.

In order to agssure solution of all the elements in the "adding' medium
it is necessary to dissolve the ammonium carbcnate in about 80% of the water
and to bubble a mixture of 2% CO, -in -air through it until a constant pH is ob-
tained. All the other elements, except the FeCl,, are dissolved in the re
maining 707 of water. These two parts are then mixed and the proper amount
of a ¢ ncentrated sclution of FeCl, is added. Even sa, when the FeCl
solution is added to the rest of the "adding'" medium, some cloudiness accurs.
However, this precipitate does not settle out during the course cf the experi
ment and it i8 presumed that the chemicals contained in the fine suspension
are available to the algae once it is added tr~ the more acidic algal sclution.
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Table I
STARTING MEDIUM

KH, PO === = e oo o m e oo e oo 0.20 mM
Mg§o4 30— 0.20 mM
MECL, mom fe reeeeee- 0.20 mM
cho2 ............................................ 0.10 mM
CE(NG,), = mmmmmmm oo 0.02 mM
KNO, ¥ 2 e oo oo e e 0.05 mM
A solution of trace elements plus CoCl2 . 6HZO

(40 mg/1) and MoO, (15 mg/1l) ememmm e 1 ml/liter
NH, VO, {0.023 g/1) -2 e eeeemc e 1 militer
FES1 78 DA T 0.15 mM

Saturate with 2% CO, by bubbling mixture of ii% CO, -in-air through
solution until pH reaches a constant level.

Add:




Table II

UCRL-9323

ADDING MEDIUM

A solution of trace elements plus CoCl

(40 mg/1) and MoO, {15 mg/1) ----%----tenooe
VO, {0,023 g/1) ~-ommeommmoo
FeCl3 --------------------------------------

NH4

e W e e wn g e ks W e BB R R e Ak WA A e e e W W EA R e Wn e A e e W A @y

- e R S e en G W A W e P e W M W W e MR e e e EE e T e e e W W e

....... 1 ml/liter
------- 1 ml/liter
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When the algae are first suspended in the ''starting’ medium the
pH is above 6. After 2" CO, -in-air has been passing through the algal
suspension for several minutes, the pH drops to about 5.8. The lights are
then turned on to illuminate the algae cell and photosynthesis begins. For
a few minutes the pH rises to about 6.2. When the pH begins to fall due to
NH, uptake, the pH control unit is set at pH = 6 and is then turned on.
Occasionally it is necessary to inject a small amount of 0.1 N HC! to bring
the pH down to 6.0. The rate of addition of "adding' medium is then found
to be fairly constant for several hours. The density of the algae suspension
alsc remains constant.

Table III (see RESULTS) shows the rates of uptake of ammonia and
CO, along with the rate of oxygen evolution when the above media are used
oveT a period of time to maintain the continuous growth of a 1% suspension
of algae.

The rate of NH+ uptake is calculated from the rate of addition of the
"adding' medium and thé known concentration of NH in the "adding" medium.
Since some NH, ion is removed when samples of algae suspgnsion are with-
drawn, this calculation gives an upper limit to the actual NH4 uptake rate.

-

Administration of 01402 and HC %0

3°
s . 14 14 -

Administration of C" "0, and HC were made by the same

method as described in the previdus paper. * “Specific radioactivities of

from 6 to 7 pcuries per pmole of carbon were used in each experiment.

Analysis of 3amples.

; . . 1

The analyses were carriec¢ out as previously reported. = Approx-
imately one ml samples were taken into weighted tubes containing 4 ml of
methanol, Samples were then extracted and analyzed by two dimensional
paper chromatography. Radiocautographs of the chromatograms were pre-
pared and radioactivity of each compound from each sample was determined.

Amino Acid Determination,

a. Carbon labelling.

As indicated in the earlier work‘l, the concentration of carbon in a

pool which is rapidly turning over may be measured by allowing it to reach
a constant level of labelling with carbon 14. At this time the specific radio-
activity of this pool of the given compound is the same as that of the carbon
dioxide which is administered te the plant. Such a pool will be referred to as
the "active' poal. We desired to measure the concentration of amino acids
in the "active' pools and to compare them with the total amino acid concen-
tratipns. Aslgefore, we shall express as "micromoles of C14" the amount
of C” and C"* in micromoles which corresponds to the measured amcunt
of ffgfg?ctivity, using the specific radioactivity of the administered

{ 0] In other words, if S = specific radioactivity of the CO‘2
(in pcurie§/pumoles) and A = radioactivity {in pcuries) found in a give
compouad from one cc of wet packed algae, then A/S = pmoles of "C
one rc of zlrze.

P4‘t 1n
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When the radioactivity of a given metabolic pool of a compound no
longer increases as a function of the time of exposure of the photosynthe—
sizing algae tp cl4o._, the pool is said to be ''saturated' with c!l , and the
pmoles of ncldn 55 ciefmed above is considered to be equal to the steady
state concentration of the metabolic pool. ~ A given metabolic pool is usually
only one of sereral pools of the same compound in the plant. Therefore the
total cellular concentration of a given compound is usually greater than the
measured '‘act:ve' pool.

In the case of the sugar phosphates of the carbon reduction cycle,
and of 3-phosphoglyceric acid (PG/} the "active' pools saturate in 3 to 5
minutes after the introduction of C1% and there fs %eldom any problem
in deciding what tae "active" pool concentration is. In the present
study we found that the "active'' pools of some amino acids saturated quickly
and thus the ievels could be easily determined. In the case of other amino
acids, slowness of the "active' pools to saturate, coupled with appreciable
rates of labelling ol other pools of the same compound, have made measure-
ment of the "active" pool size difficult or at times impossible. Thus some
"active" pool sizes are given as approximations or as a range of values.

b. Ninhy&vin estimation.

In order to vrovide a comparison between ''active' pool sizes and
total concentrations a method was developed to estimate the concentrations
of amino acids in spot: on the chromatograms. In these studies it was
necessary to chromatograph the extract from no more than 5 mg of algae,
due to the necessarily 2igh salt content of the extracts. The method of
colorimetrfc estimation of amino acids previously reported from this
laboratory” ’ did not afford sufficient sensitivity and accuracy for this purpose.

Methods involving ninhydrin are generally the most satisfactory for
estimating small amount; of amino acids, but the major difficulty of using
these methods on chromatograms or their eluates is that the paper may give
a high and variable background color. This is presumably due mainly to
traces of ammonia absorkted from the atmosphere or contained in the chro-
matographtc solvents. It is particularly troublesome when the mnhydrm is
_in the reduced and more sunsitive form necessary for the estimation of small
amounts of amino acids.

It was found that this background color could be reduced to a low
and constant value if the eluates are made alkaline and then scrubbed as des-
cribed below. Since accurate estimates with reduced ninhydrin must be
made under buffered conditioass, it is possible to use the alkaline component
of the buffer system for scrukbing of the eluates, and then the acid component
can be added afterwards.

After location of the amino acid spots on the chromatograms by
radicautography, they are cut out and each eluted with about 0.3 ml of water
into graduated centrifuge tubes. Then 0.1 ml of 0.5 N NaOH is added and
the solution is scrubbed with NH,-free air under partial vacuum for 15 minutes
at room temperature. Next 0.1 inl nf a 0.8 M citric acid solution is added to
bring the pH to 5.0, followed by the addition of 0.2 ml of a 1.66% solution of
ninhydrin in methoxyethanol. The total volume is made up to 0.9 ml with
water and after mixing well, the solution is heated for 15 minutes in a boiling
watler bath (the mncuths of the reaction tubes being topp cred with glass ma Tlle
e agcvmt loss <0 v v "f ev ceccling cv 1c\. 0~ B0 2tk aol i -

.-‘,1 - P Al . g
L T i ) . R

L
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1 pg of glutamic acid is equivalent to an optical density change of .075.
There is a linear relationship between optical density and amount of amino
acid over the range 0.1 to 1.5 pg amino nitrogen.

T he background values for blank areas of chromatograms are
determined and appropriate corrections applied to the amino acid val
depending upon the areas of the spots. (A typical area of about 30 cm™ of
paper weighing 300 mg would have a blank of about 0.1 optical density units. )
The radioactivity of the papers after elution is also checked. Usually 97%

to 98.5% of the activity has been eluted. Since fingerprints leave ninhydrin
positive marks on chromatogram papers, rubber gloves should be worn at
all stages of handling the paper chromatograms.

The ninhydrin method described above was modified from that des-
cribed by Yemm and Cock1ng18 by changing the volumes and concentrations
of the reagents in order to increase the sensitivity and by including the method
of scrubbing the eluates.

Acetate Feeding Experiments,

In expefiment SS 31, after the algae had been photosynthesizing for
60 minutes in C'*0, under steady state conditions, 80 pl unlabelled 1.0 N
ammonium acetate was injected mtg the algal suspension (volume 80 ml) to
give an initial concentration of 10°~ M acetate. After 10 minutes and again
after another ten minutes, similar additions were made. All other environ-
mental factors were maintained constant, including pH.

Light-Dark Experiments

In ex?gnments SS 30 and SS 32, after the algae had been photosyn-
thesizing in C under steady state conditions for 60 and 104 minutes,
respectively, the azght was turned off, all other conditions being maintained
constant. Samples were taken for another 10 minutes. After analysis by
chromatography, the radioactivities of certain compounds were measured
to study the effect of the light-dark transient period. During this time the
rate of addition of nutrient was still followed.

RESULTS AND DISCUSSION

"Active' Pool Sizes and Rates of Photosynthesis,

In Table 111, the rates of CO, and NHZ uptake and of O, evolution
during the course of three steady state experiments are shown.” The times
given are from the beginning of illumination of algae in the apparatus, the
administration of C140 being about 1 to 1-1/2 hours after the start of the
experiment. The rate 6f oxygen eyolution is the best maintained of the
three. The calculated rate of NH, uptake is also reasonably constant in the
last two experiments., There is a%endency for the CO, uptake rate to decrease
about 25% after 2 time. Since the algae in the steady state apparatus are
exposed to greater illumination than in their growing tubes, this decrease
in CO, fixation rate may indicate some quantitative change in the overall
metabolism. For example, the amount of fatty acid synthesis mayhave increas._d
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Table III
Rates of NH, and CO, Uptake and O, Evolution of Chlorella
Grown in Described”Media
Time Rate
Hours after pmoles/minute /gm wet-packed algae
lights on "0, co, NH;}(upper iimit)
Experiment
30 0.5 20.4 22.2
1.0 2.40
2.0 19.8 21.1 3.26
2.75 20.8 19.3
Experiment
31 0.5 16.6 19.4 2.3
1.0 18.2 18.1 2.8
1.5 2.6
2.0 18.0 14.8
Experiment '
32 0.5 19.0 19.3
1.0 3.0
2.0 2.6
2.5 19.6 15.7 2.5
3.0 2.5
0 - 8 min. dark 4.3
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Thus, a perfect ''steady state' has not been achieved in these experiments.
Nonetheless, the approach to the true steady state in these experiments is
sufficiently close to permit us toc measure a number of properties of the
system.

If one takes the average rate of NH' uptake to be 2.5 pmoles per
minute per cc of algae, then amino acid synéhesis appears to account for
about half of the total synthesis of carbon compounds (protein being assumed
to be composed of 3.2 atoms of carbon per atom of nitrogen).

The appearance of C14 in alanine and in glutamic acid in SS 32 is
shown in Fig. 1. These curves iliustrate two extreme cases observed with
the rapidly labelled amino acids during photosynthesis. In contrast to the
glutamic acid pool, the 'active' pool of alanine is clearly saturated after 30
minutes and its size can be determined to be 20 umoles of carbon per cc of
algae. Glutamic acid continues to increase in labelling for the entire 100
minutes in SS 32 (Fig. 1.) It is impossible from these data to determine ac-
curately the size of its most "active' pool. Nonetheless, if one fiis an ex-
ponential curve to the experimental labelling curve, an approximate "active"
pool size of about 35 pmoles can be determined. Since the total pool of
glutamic acid in SS 32 was found to be about 77 pmoles, it is apparent that
there is more than one pool of glutamic acid.

The labelling curve of glutamic acid is further complicated by the
indication that a less "active' or secondary pool of glutamic acid is being
slowly labelled from 30 minutes onward. This can be seen more clearly in
Fig. 2 {SS 30) where the curve for the specific radioactivity of the total ~
glutamic acid pool has followed an exponential course until after 20 minutes
and then begins to rise more steeply again.

Aspartic acid (Fig. 3) becomes labelled in a manner kinetically
similar to alanine labelling and its "active' pool is nearly saturated after one
hour. Serine {not shown) is intermediate between alanine and glutamic acid
in the shape of its labelling curve, its secondary pool(s) apparently being
slowly labelled during photosynthesis.

The carbon labelling curve of glutamine {(Fig. 4) is similar to that
of glutamic acid. In fact the curves for these two compounds, if divided by
their respective labels at 100 minutes, give curves that are essentially
superimposable. From this fact, we can say that no major pool of glutamic
acid provides the precursor for glutamine synthesis. Rather, glutamine and
glutamic acid must come from a common precursor. Of course, all such
kinetic arguments must be qualified by the fact that the common precursor
could be a complex, such as an ensyme complex, of one of the two compounds.
There is no reason to assume that the precursor is such a complex, and we
are inclined to think that the precursor is a biochemically identifiable com-
pound. Earlier work from this laboratory, in which inhibitors of amino acid
formation were employed”v 19 indicated the possibility that glutamine could
be formed in photosynthesizing Chlorella pyrenoidosa without the prior forma-
tion of glutamic acid. For these reasons we shall regard the incorporation
of NH, and carbon into glutamine as not part of that incorporated into glu-
tamic acid,
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of C14 in Aspartic Acid in Steady State Experiment 32.
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In Table 4, the sizes of such "active'" pools and of the totals of all
pools are given for the four most rapidly labelled amino acids. In experiments
SS 30, SS 31, and SS 32 the "'active'' pool size is taken as the saturation level
of an exponential curve fitted to the first 20 minutes of the experimental curve
for glutamic acid and serine. The differences in total concentrations of amino
acids between the experiments shown in Table 4 presumably reflect changes
in the stock algal cultures during the six month period of the experiments. The
sizes of the "active' pools are generally less than half of those of the total
pools. In each case there are pools other than the one which is so rapidly
labelled during photosynthesis.

In order to calculate the rates of flow of carbon through the “active"
pools of several primary amino acids, we determined the maximum slope of
the labelling curves as shown in Fi%ures 3 and 4 by the thin line. This slope,
N,Mis the net rate of increase in C** at a given time after the introduction of
C*70,. If the actual rate of flow of carbon of both isotopes through thf pool
is R, "and if the precursor is saturated with C 4, the rate of flow of C 4 into
the pool is also R, If the degree of saturati E of the pool is x, at the time

where N is measured, the rate oi flow of C** out of the pool is Rx, and

R = N/{1-x). The calculated rates are given in Table 5. A range of pool sizes
of glutamic acid {the most uncertain case) from 25 moles to 50 micromoles
would cause a range in calculated synthesis rates from 1.04 to 0.92 moles/min
cc algae; that is, 7% of the reported value. Tl'ie slopes are measured at times
from 5 to 16 minutes from the introduction of C14Q._, by which time the known
precursors { PGA and phosphoenolpyruvic acid) are saturated. The slower
achievement of maximum labelling rates (measured at 16 minutes) in glutamic
acid and glutamine indicates that these amino acids have additional, unident-
ified precursors. It is possible that unstable, volatile, or non-extractable
precursors (which we would not see) are not saturated by 16 minutes and that
the measured and calculated synthetic rates are therefore too low. In any
event, no large pools of unknown radioactive compounds are seen during this
period.

The total of the carbon dioxide and ammonium ion used in the synthesis
of these principal amino acids as calculated in Table 5 represents about 60% of
all the amino acid synthesis as calculated from the externally measured ammo-
nium ion uptake rate and about 3° % of the total carbon dioxide uptake. Gther
amino acids are labelled at appreciable rates and no doubt account for some of
the remaining ammonium ion uptake. In addition, amination of some amino
acid moieties of proteins may not take place until the carbon chain has been
incorporated into the protein or peptide chain. In particular the very small
rate of labelling of glycine as compared with the abundance of glycine moieties
in plant protein may indicate that free glycine is not an important intermediate
in protein synthesis in these organisms. Amination of the two carbon askeleton
to give glycine moieties probably would account for at least 10% of the NH“L
fixation,

The results and the conclusions so far may be summarized as
follows:

1. The "active' pools of several amino acids have been measured
by the cl4 saturation technique, and are found to represent only 20 to 50% of
the total pocls of these amino acids in the cases of alanine, aspartic acid,
glutamic acid and serine. Therefore two or more pools of each of these zmino
acids exist in the zigal celln



Table IV

AMINO ACID LEVELS IN STEADY STATE EXPERIMENTS

A summary of amino acid conce&rations (expressed in micromoles carbon per gm wet prked algae) in
5 steady state experiments. C*~ pools measured at time when "active' pools of amino acids become
gsaturated. (For explanation see text.)

GLUTAMIC | ALANINE ASPARTIC SERINE
puM  "active" pmoles 'active" pmoles 'active" pmoles "active'! Time at which
total pool total pool 14 total pool total = pool 14 valuei measured
carbon pmoles C°° carbon  pmoles C carbon pmoles C carbon pmoles C = for C 4 content.
SS 26 44.7 18 12.3 5.5 20 min.
SSDS1 41.2 17 9.5 5.3 20 min.
8S 30 47.5 15 - 20 41.0 15 6.4 3.0 6.3 3.8 -4.2 *
S53143.4 15 -20 32.0 7.1 2 6.7 *

8S 32 77.5 25 - 40 42.3 20.0 19.5 4.2 20.2 3.2 - 4.0 *

o

4]
Value estimated on basic of extrapolation of exponential curves for glutamic acid and serine, levelling off
of experimental curve for alanine and aspartic acid.

-1~

£286-TdE0N
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Table V

e e

Rates of Flow of Carbon Through "Active" Pools of Amino Acids Steady
State Experiment 32

Net Rate in Degree of GCalculated Rate Equiv. NHZ
N x of Synthesis uptake
Compound pmoles of C saturation R pmoles of NH
- pmoles of Carbon '

+
4

Alanine 2.00 25 2.67 0.89
Serine 0.42 .15 0.49 0.16
Aspartic Acid 0.67 25 0.89 0.22
Glutamic Acid 0.73 .25 0.98 0.20
Glutamine 0.23 25 | 0.32 0.13
Glycine* 0.034 .1 0.04 0.02
Citrulline** 0.09 - 0.09 0.09
Threonine* 0.10 .5 0.20 0.05
Total 5.44 1.51
Externally measured uptake: 17.0 2.6

" of total through these pools: 32% 58%

*#not included in totals

#*figures are for carbamyl carbon only
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2. The rates of synthesis of these amino acids from carbon
dioxide have been calculated, and are found to account for at least 307% of
all carbon fixation during steady state photosynthesis under the chosen
environmental conditions. If certain assumptions are correct, the synthesis
of these amino acids also accounts for about 60% of all the uptake of ammonium
ion, which is the sole source of nitrogen in these experiments.

3. The net increase of C14 in alanine, serine, and aspart}a acid
reaches maximum rates by five minutes after the introduction of C" "O,, at
the same time that intermediates of the ‘izrbon reduction cycle of photo-
synthesis have become saturated with C*°, but long before such secondary
products of carbon reduction ag sucrose and these amino acids themselves
have become saturated with C”°. This indicates that the imnmediate pre-
cursors of these amino acids are intermediates in the carbon reduction cycle,
or are in isotopic equilibrium with intermediates of the cycle (e. g. phospho-
enolpyruvic acid). '

In isolated chloroplasts from Swiss chard, Tolbert20 has shown that
intermediates of the carbon reduction cycle and related compounds {phosphate
esters of sugars and carbﬁicyllic acids) do not diffuse out of the chloroplast.
He found, inztead. that C” "-labelled compounds in the supernatant fluid
following cl40, fixation in the chloroplasts were glycollic acid and sucrose,
and to a lesser extent, some free carboxyllic acids, and serine and glycine.
It.is also noteworthy that alanine and aspartic acid became labelled in the
chloroplasts but did not diffuse to the supernatant fluid. If we may assume
that chloroplasts from Chlorella and Swiss chard are simiiar with respect
to formation and retention of these compounds, we are led to the conclusion
that:

_ 4. The rapid synthesis of the amino acids found in the "active'' pools
in our experiments takes place within the chloroplasts.

5. Since carbon is not only going into these pools during steady
state photosynthesis but is also passing through them; and since the less
"active' pools of the same amino acids {presumed to be outside the chloro-
plasts) are not becoming labelled at an appreciable rate, it follows that more
than 607 of the protein synthesis in Chlorella under these conditions ot dhoto-
synthesis takes place i the chloroplasts, via free amino acids.

6. The slowness of glycine synthesis in these experiments, coupled
with the relative frequency of glycine moieties in most plant proteins suggests
that the glycine moieties of the chloroplastic protein are either supplied by
extra-chloroplastic synthesis from unlabelled substrates, or more likely, are
incorporated into the protein chain as some other two carbon compound, such
as glyoxyllic acid. Thfg finding would segmn to be consistent with the ob-
servations of Sisakyan™~ who found that C" “-labelled glycine administered to
various fragments of tobacco leaf cells was incorporated much more readily
into the mitochondrial protein than into the chloroplastic protein. In either
case, incorporation of glycine was inhibited by the supernatant solution.
Perhaps the supernatant solution contains glyoxiyllate which is used prefer-
entially for protein synthesis, especially in chloroplasts, or contains other
factors favoring the formation of glyoxyllate from endogenous substances.
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Feeding Unlabelled Acetate.

Figure 5 illustrates the results of the steady state experiment in
which unlabelled acetate was supplied to the ext?inal medium at intervals
beginning 60 minutes after the introduction of C O, to the system. The
first addition of acetate results in a large and immeédiate rise in the total
amount of glutamic acid, the second addition causes a smaller rise and the
third addition has no significant effect. However, none of the ?2ditions of
acetate causes any significant change in the concentration of C**-labelled
glutamic, so that its specific activity drops sharply after the first two ad-
ditions. Thzefe results complement those of Moses, Holm-Hansen, Bassham
and Calvin, who found that when labelled acetatef gvas supplied to
Chlorella there was a much greater incorporation of C ilrato glutamic acid
after three minutes than when the label was supplied as C %0 In the ex-
periment illustrated in Figure 5, addition of ace{Iate caused no appreciable
change in the concentration of either total or cl4 1abelled alanine; this
result again complements those of the above authors.

Two main conclusions are suggested by the results of this experi-
ment: (1) the rapidity with which externally supplied acetate is incorporated
into glutamic acid, and not into alanine, suggests that the latter may be
synthesized entirsly from the 9.Se£a§te, perhaps by the glyoxyllate pathway
described by H. L. Kormberg ““’“"; and {2) the fact thﬁg addition of acetate
causes no appreciable change in the concentration of C"=-labelled glutamic
acid is further evidence for the existence of separate pools of glutamic acid.
The rapidity with which the externally supplied acetate enters the "inactive'"
pool suggests that it may be located outside the chloroplast, while the "active"
pool is located in the chloroplast.

It should be mentioned that acetate was added as ammonium acetate
and that the results of addition could conceivably be caused by the increase
in ammonium ion concentration. However, glutamic acid alone of the amino
acids, and only the unlabelled glutamic acid, was significantly affected.
Considering previously reported synthesis of glutamic acid from labelled
acetate in Chlorella, it seems likely that the observed results are caused by
the added acetate, not the additional ammonium ion.

Light-Dark Transient Experiments.

If Scenedesmus in distilled water in the light is supplied with CMO?,
very little labellied carbon appegrs in glutamic acid, but if the light is turned
off shortly z-;.fter1 gxdmission of C "O,, then labelled carbon appears rapidly in
this compound. When Scenedesmus {or Chlorella)is in an ammonia medium
in the light, then appreciable amounts of labelled carbon will be incorporated
into glutamic acid from C!1%0_;!4 but again, if the light is turned off s}igrtly
after admisasion of C**0,, thén there is a rapid rise in the amount of C*~ in
glutamic acid. In both these kinds of experiments, the light-dark transient
effects were observed before the pools of photosynthetic intermediates had
become saturated with C'*, It was therefore of inteérest rv sce if these effects
still occurred when the light was turned off some time afte> ¢aturation of the
pools of intermediates, and to determine if they were correlated with changes
in the total amount of glutarnic acid. '
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Fig. 5. Total Pool Size and Radiocarbon in Glutamic Acid During Steady
State Experiment 32. ' '

Acetate additions were each 80 pmoles to 80 ml algae suspension.
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Figures 6 and 7 illustrate the results of this kind of steady state
experiment in whicP the light was turned off some 60 or 100 minutes after
the admission of C 402. Several effects occur when the light is turnad off:
the total amounts of g]lutamic acid and alanine immediately begin to rise,
while the amount of C'% falls somewhat- but rises again shortly afterwards.
The f&tal amount of the acids then falls off, followed by a fall in the amount
of C During the first 8 minutes of darkness, the rate of ammonia uptake
increases. {Table III).

14 The explanation of these effects is complex. The initial drop in
C" " during the first 30 seconds of darkness might result from the cessation
of CO, fixation and reduction. The initial rise in the total amount of the
amino acids, the subsequent rise in the amount of C 4 and the increased
rate of ammonia uptake all imply that turning off the light has in some way
_increased the total rate of combination of ammonia into amino acids. Light-
dark transient effects have been previously explained in tggmg of 2 release
of photoinhibition of the decarboxyllation of pyruvic acid, "™’ This would
not be a satisfactory explanation for the rise in the pool of ''inactive' amino
acids observed here, since such an explanation would require that either the
"inactive' pools are in the chloroplast, or that the photoinhibition is opera-
tive in the cytoplasm. More probably, switching off the light causes a change
in the oxidation-reduction state of the cytoplasm, permitting increased oxida-
tion of glucose. Such a change would be transmitted from the chloroplast to
the cytoplasm by the diffusion of some substance. For example, it is known
that glycollic acid can diffuse out of chloroplasts, 20 and this may be involved
in such a mechanism,

The small rise in C14-1abelled amino acids that begins about 60
seconds after the light is turned off presumably corresponds to that previously
reported. These transient increases in C1-4-1abelling may be due to a release
of a photoinhibition. They could 2lso be the result of the diffusion out of the
chloroplast of labelled photosynthetic intermediates. For example, it is
known that mitochondrial menahranes are permeable in the oxidized state,
but not in the reduced state.®* Such a change in permeability might also
occur in the chloroplast membrane when the light is turned off.

Photosynthetic Pathways to Amino Acids.

if, as the evidence indicates, the principal site of amino acid photo-
synthesis is in the chloroplasts, one might expect the environment within the
chloroplasts to influence the nature of the biochemical pathways of amino
acid synthesis. This environment includes abundant supplies of reduced tri-
phosphopyridine nucleotide, adenosine triphosphate and carbon incorporated
into phosphoglyceric acid, phosphoenolpyruvic acid, and various sugar
phosphates. It would not be surprising if under these conditions iliere are
pathways different from those commonly encountered in non-photosynthetic
systems.

For example, alanine accounts for about half of all the synthesis
from carbon of the amino acids studied, and its synthesis requires twice as
much ammonium ion fixation as does the synthesis of glutamic acid and
glutamine combined. It is clear that however glutamic acid is formed, it
does not provide all the nitrogen, via transamination, for the synthesis of
alanine. It seems more likely that alanine is synthesized from intermediates
of the carbon reduciion cycle directly by reductive amination, '
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While the light is on, no C14 is found in free pyruvic acid upon
subSﬁEuent analysis by paper chromatography of the products of photosynthesis
of C" 70, until long after the ''active' alanine pool is saturated {Steady state
experimeént 32)., We have verified the fact that one can see labelled pyruvic
acid by radiocautography of chromatograms by hydrolyzing carbon-labelled
phosphoenol pyruvic acid from our chromatograms and rechromatographing it.
Free pyruvic acid does not seem to be an intermediate between the carbon
reduction and alanine.

If we tentatively eliminate transamination and reductive amination of
pyruvic acid as routes to the synthesis of alanine, we are left with previously
undocumented, hypothetical routes. Of these, the one which seems to us the
most probable is a reduction and amination of phosphoenolpyruvic acid to
give alanine.

2-PGA PEDA
H,C-OH HﬁH C‘H3
3-PGA ——> é TPNH
HC-OPO,H — G ‘ OPO,H" NH""‘"'* HC-NH, + HOPO,H ™ + H
é ) 4 | ,
o; + co; co,
1[ NH,
H.CLOH Alanine
Lt
HC-NH, + HOPO,H + H'
Lo,
Serine

Serine might be formed by a similar, but non-reductive amination
of 2 -phosphoglyceric acid.
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, The rapid labelling of aspartic acid and malic a.c:idl is considered
to be evidence for carboxylatia: of phosphoenolpyruvic acid.

r 3
HCH CcO. co_ ' co.
) COZ I 2 ' 2 ) TENH 2
3—PGAw——-)H('i'-OP03H ———} CI =0 or C[—OPO3H —_— HC-OH
CO; CH2 CH HCH
| |
COZ CO2 CO-2
J . .
J, TPNH, NH; Malic Acid
1
HC-NH.
] 2
H(’JH
CO2

Agpartic Acid

Subsequent reduction of the carboxylation product would give malic acid, while
reductive amination would give aspartic acid. An enzyme capable of bringing
about the carboxyllation of phosphoenolpyi-gvic acid has been isolated from
green leaves by Bandurski and Griener. Since the carboxylation product

is not seen by our method of analysis, malic acid and aspartic acid are, in

this sense, the first stable, isolable products of this carboxylation. With
certain plants and under suitable physiological conditions, it is possible that
either or both compounds might appear morﬁprominently labelled than
phosphoglyceric acid. Thus Nezgovorova's” " observation of aspartic acid as

a first stable carbon dioxide fixation product is not contradictory to our results.

We should like to suggest that glutamic acid and glutamine are formed
in the chloroplast independently from a common precursor which is in turn
formed by condensation and reduction of two carbon and three carbon compounds
derived ilirectly trom the carbon reduction cycle. It is likely that the two
carbon compound would be acetate, glyoxylate or glycolate, while the three
carbon compound would be phosphoenolpyruvate, phosphoglycerate, or even
alanine. Various possible reactions suggest themselves, but there is little
evidence for any of them in green plants at the moment.

ACKNOWLEDGMENT

The work described in this paper was spoﬁsored by the United States Atomic
Energy Commission, University of California, Berkeley, Calif. {U.S.A.).



10.
11,
12.

13.

14.

15.
16.

17.

18.

19.

-28- UCRL-9323
REFERENCES

J. A. Bassham and M. Kirk, Biochimica et Biophysica Acta. {In press.)

J. A. Bassham, A. A. Benson, L. D. Kay, A, Z, Harris, A. T. Wilson
and M. Calvin, J. Am. Chem. Soc., 76 (1954) 1760,

J. A. Bassham and M. Calvin, The Path of Carbon in Photosynthesis,
Prentice-Hall, Englewood Cliffs, New Jersey, 1957.

W. Stepka, A. A. Benson and M. Calvin, Science, 108 {1948) 304,

M. Calvin, J. A. Bassham, A. A. Benson, V. Lynch, C. Ouellet,
L. Schou, W. Stepka and N. Tolbert, Symposia of the Society for
Experimental Biology, Number 5 {(1951) 284,

S. Aronoff, A. A. BenSon, W. Z. Hassid and M. Calvin, Science, 105
(1947) 664.

A. A. Benson, M. Calvin, V. A. Haas, S. Aronoff, A. G. Hall,
J. A. Bassham, and J. W. Weigl, Photosynthesis in Plants, Ed. by

James Franck and Walter E. Loomis, Iowa State College Press
{1949) 381,

A. A. Nichiporovich, Paper 697, Tracer Atoms Used to Study the Products
of Photosynthesis as Depending on the Conditions in which the Process
Takes Place, First Geneva Conference on Peaceful Uses of Atomic Energy,
(1955). .

T. F. Andreyeva, Doki Akad Nauk, SSSR 785 (1951) 1033,

N. R. Vosgkrenskaya, Doki Akad Nauk, SSSR 932 {1953} 911.

L. A. Ne3zgovorova, Fiziologiya Rastenii, 6 {1959) 451,

O. Warburg, Science, 128 (1958) 68.

N, M Sisakyan, Paper No. p/2244, Proceedings of the Second United
Nations Conference on the Peaceful Uses of Atomic Energy, Vol. 25,

Part 2, 159.

O. Holm-Hansen, K. Nishida, V. Moses, and M. Calvin, J. Exptl. Bot.,
10 {1959} 109.

M. Calvin and P. Massini, Experientia, VIII (1952) 445.

J. A, Bassham, K. Shibata, K. Steenberg, J. Bourdon, and M. Calvin,
J. Am. Chem. Soc., 78 {1956} 4120.

P. Y. F. van der Muellen and J. A. Baasham. J. Am. Chem. Soc.,
81 (1959) 2233,

E. W. Yemm and £. C. Cocking, The Analyst, 80 {1955} 209.

H. Simon, University of California Radiation Laboratory Report
UCRL-9073, March, 1960,



20,

21.

22,

23,

24,

25,

-29- UCRI.-9323

N. E. Tolbert, The Photochemical Apparatus, its Structure and
Function, Brookhaven Symposia in Biology I {1958) 271. Published
by Office of Technical Services, Dept. of Commerce, Washington, D. C.

V. Mosgses, O. Holm-Hansen, J. A. Bassham and M., Calvin, J. Mol.
Biol., 1(1959) 21,

H. L. Kornberg and N. B. Madsen , Biochem, J., 68 {1958) 549.

H. L. Kornberg, Fourth International Congress on Biochemistry,
Vol. XIII, colloguia, p. 251.

A. L, Lehninger, Reviews of Modern Physics, 31 (1) {1959) 136.

R. S. Bandurski and C. M. Greiner, J. Biol. Chem. 204 (1953) 781.



This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission'" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.





