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- 	 The experiments which are describd below were performed to find 

out more about the inhibitory effect of diazo-oxo-norleucine (DON) on the 

amino acids and other acids of the Krebs cycle. Specifically, the relation-. 

ship between glutamic acid, glutamine and A 4etoglutaric acid was investi-

gated. Barker, et al, (1) in 1956 bad already found that during photosynthesis 

with Scenedesmus azaserine acts to produce a marked increase in the levels 

of glutamine and the Krebs cycle acids, accompanied by a corresponding 

depletion of the amino acid réservoirs 

Van derMeu1en'(2, 3,4) has studied the influence of DON and aza-

serizie on photo synthe si s and on the amino acid and dicarboxylic acid.pools 

of Chiorella and Scenedesmus. .The effects of azaserine.and of DON are very. 

much the same on Sceziedesrnus; no inhibition on Chiorella was found with aza-

s e r•ine 1  

Long-time photosynthetic experiments with DON, showed a very -sharp 

increase in the amount of glutarnic acid which is formed during five minutes, 

A very pronounced maximum is observed after 20 minutes of DON inhibition 
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at a suitable concentration. However, after this time a very sharp drop occurs, 

and after 50 minutes the amount of glutamic acid drops to 2076 of the amount pre-

sent alter 20 minutea and then remains nearly constant. The amount of4 

ketoglutaric acid and glutarnine continues to rise during these experiments. 

Van der Meulen also compared the specific activities of giutamic acid 

and glutamine.. During the first 25 minutes after DON injection, glutamine sems 

to have a hlgher specific activity than glutamic acid 4  These facts lead one to 

suspect that there may be a. way by which glutarn.ine can be formed other than 

through .glutamic acid. One method of getting an answer to this question 

would be to make a comparison of the distribution of the radioactivity of 

the glutamic acid, S..-ketoglutaric acid and the glutarnine after a photosynthetic 

experiment with carbon-14 and the following experiments were done for this 

purpose. 

EXPERIM ENTAL 

Countingteclmiques and degradation studies on glutamic acid: Al the radio-

activity measurements for the determination of the distribution of label were 

made by measuring the C 1402 in ionization chaxfrs, and the org.aiiic material 

was combusted in sealed tubes with copper oxide according to the procedure of 

Wilzbach (5). Carbon dioxide from the degradations was trapped in sodium hy-

droxide solution and converted to barium carbonate. The CO2  from the barium 

carbonate was liberated by copper sulfate at 6500 ma sealed tube and trans-

ferred to an ionization chamber (6). 
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For the degradation of glutamic acid, the following procedure was 

tried: 

OOH COOH CO2 	(C 1 ). 

1-3C'NH 2  HC-NH2 + 

CHZ 	
1.NaN3 CHZAgO2 KOH;NaQH COOH 

CM: 	
2.1i2SO4 

H2NH2  -. CM2 	3400c CM3 

COOM + 
CH2  NH2 CO 	(C4) 

CO2 	(C5) 

NaN3 

co2 -- CH 3 NH2  

The Schmidt degradation.was checked withglutamic5c 14  acid and glutamic-l-

C' 4  acid and this general procedure has been described by Phares (8). 

Sulfuric acid(l. 2 ml, 100%) was added, at 10 0, to a mixture of 

2 mrnolea of glutamic acid (294.3 mg) and 200mg of sodium azide. Over a 

period of 10 minutes the temperature was raised to 70 0  and maintained at that 

point for 30 minutes. The usual precautions were taken to avoid any atmos-

pheric CO2. The yield of carbon dioxide is about 60-70%. Three determinations 

of the radioactivity of the glutamic-5-C 14  acid (expressed in mV/min/mmole) 

and the barium carbonate derived from it by the Schmidt reaction are tabulated  

below: 

glutamic acid: 	 sample 1 1939 mV/min/mrnole 
2 1946 
3 1952 

average 	1946. 

barium carbonate: 	sample 1 1860 
2 1839 

3 	1853 
average 	1871 
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The bariui .ca.rhoiiate h only.95. 1% oLtha.activity :01 the, glutarnic 

acid. There were three possible reasons for this result: (1) a blank of BaCO 3 ; 

(2) an inconple.te conversion of BaCO3to CO 2  in the sealed tubes; and (3) the 	 - 

poslbility that at least in the case of the glutamic acid some of the C 1  is split 

off by the Schmidt degradation procedure. Therefore, a Schmidt degradation was 

performed with glutamic-l-C 14  acid. The results of this latter, experiment showed 

that the barium carbonate had about 6 0/4 of the radioactivity of the glutamic-1 14 

acid which clearly shows that some of the resulting carbon dioxide comes from 

the Ci of glutamic acid. 

iinother experiment was done to check the oxidative decarboxylation of 

, 	 uaminobutyric-l-& acid to -a,ianme. It turned out that about 40% of 

the 02  is derived from further oxidations, and the specific activity of the car-

bon dioxide which was trapped during the reaction of the o,r-diaxnznobutyric-l-

C 14  acid with silver oxide was only 58.4 1/o of the theoretical amount. Therefore, 

the Cl was determined by ninhydrin oxidation, the yields of the reaction from 

alanine to acetic acid were generally poor, being only 5-10%. 

Isolation of glutamic acid and glutamine from photosynthesis or dark. 

fixation experiments: The algae were killed by pouring the suspension into four 

parts of boiling ethanol and this suspension was immediately cooled to 5 0 . The 

insoluble fraátions were separated by c.entrilugation and extracted with cold 2010 

ethanol, The combined extracts were concentrated bl,freeze  drying. The con-

centrated extracts of zoo\ of wet-packed cells were placed on a sheet of What-

man No. 3 filter paper for two-dimension chromatographic separation. For 

the first direction a water-saturated phenol was u8ed; the pH was adjusted to 
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5.5 with 0. 1 N sodium hydoxlde. For the second direction 1  butanói-propionjc 

acid-water was used. In the box there was a 0,376 ammonia solution. 

Both glutamine and glutamic acid were eh4ed. The glutaznine was hy-. 

drolyzed by heating with dilute hydrochloric acid for five hours and rechromato-

graphed in one direction with phenol. After dilution the glutamic acid was re-

crystallized twice. From both samples of glutamic acid (one derived from glu-

tamine) the specific activity per nmiole was carefully determIned and compared 

with the value obtained for the barium carbonate after the Schm idt reaction and 

the ninhydrin oxidatloxi. 

a.: Photosynthesis experiment: To 40 ml of a 2% suspension of 

Chlorella (from shake flask culture) was added 0.8 ml 2.5 x 10M K2HPO4/. 

KH2PO4  buffer* followed by iS-minute flushing with a mixture of 3 7% CO 2 -

in-air. The sample was illuminated with two photoflood lamps. Then a sólutioü 

of 10 pg/mi of DON was injected and 1.5 ml NaHC 14 O3  (0.026M, 400.pc/ml) 

was added In the light with carbon dioxide. The reaction vessel. (uioliipophI) 

was shaken for 15 minutes in the light and the algae were then killed. The radio 

activity deterrriinatlons from the degradation studies showed: 

Glutamic Acid 	 C l 	 21.2% of total activity 

C5 	227% of total activity 

Giutamine 	 C 1 	19 6% of tàtal activIty 

C5 	20.27o of total activity 

The ratio of glutamic acid to giutarnine on the paper was about 1:1. 

In order to learn whether glutamic acid and glutamine are derived• 

from different sources it was necessary to shorten the photosynthesis times to 

* in all the later experiments :a vOlume of this buffer was added equal to the volume of the wet-paciced algae cells used. 
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avoid a 'uniform distribution of radioactivity. Therefore, the activity of the C l  

and C5 of glutamic acid from ordinary photosynthesis experiments of varying 

times was determined; these experiments were. performed in the usual manner. 

A Chiorelle suspension was maintained for 15 minutes in the light and 

flushed with a 0.6% CO2-in-a&r; thei the NaHC' 403  was injected. The results of 

the glutamic acid degradations are as follows: 

Photosynthesis time 	Glutamic acid Cl 	Glutamic acid C5 

	

minutes 	 % of total activity % of total activity 

	

10 	 19.7 	 22.5 

	

6 	 21.3 	 230 

	

3 	. 	.. 	 217. 	. 	. 	24.2 

	

1 	 . 	 32. 	 12 

The values of the one-minute photosynthesis experiment are not very accurate. 

The'activitie.s were, very low and the rror may be as high as 15-20%. 

It thus appears, as a reu1t of these experiments, that the glutamac 

acid seems to be very nearly uniformly labeled, even in as short a time as 

three minutes. Nevertheless, the total amount of radioactivity in the glutamic 

acid is rather small, about 0.3% of the total fixation. 

It is not surprising that glutamic acid formed in the light Is uniformly 

labeled very soon, if one assumes that it is formedvia the Krebs cycle from 

acetate derived from the same source as the C 1C2 and C5-C6 pairs of hexose. 

Quite another route of glutamic a.id form.ation'is expexted from dark fixation. 

The glutarnic acid from Scenedesmus, after a 10-minute dark fixation experi- 
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xnent, showed the following distribution of activity: C 1 , 96% and C5, 876. 

(Five percent of the C1 activity is found in the C5, as mentioned above.) 

Experiments with photosynthesis together with dark fixation: The con-

ditions of the various expeHments are described below. 

Pr1irninary experiment: 25 ml of .% Chiorella suspension. plus 0. 5 ml 

phosphate buffer, Z hours in complete darcness, the last 10 minutes with 25 ,Llg  

DON/mi suspension, 3 minuteslight and 0.576 CO 2 -in-air, 10 minutes dark fi>a-

tion with NaNC 1403, 1 xii•nute light and again 5 minutes dark fixation. Clutamic 

acid contained onlyabout 16% of the total activity fixed, but there was none, or 

very little, in the g1ut..mine. This may be explained by the fact that the ATP 

pool for amidation of the carboxyl group is too small. This same observation 

was made in a further Series of experiments (see Table I). 

The procedure and conditions of the six experiments whose results 

are summarized In Table I are as fo1low: 

.Experiment 1: JO mLoiJ...5%Ch1oreUasus.pension,12O_minutesjn 

the dark in distilled water, 15. 0 pig DON/ml suspension added, 20 minutes 

light flushed with 0. 5 1/o 002-in-air, 6 minutes photosynthesis with 200 A 
NaHC 14O3 . 

Experiment 2: Same as experiment 1 without DON. Algae were kept 

150 minutes in the dark. 

Experiment 3: 10m1 of 1.5% Chlorella suspension, 180 minutes 

In the dark in distilled water, 15.0 ,-g DON/mi suspension added, 20 minutes 

dark, 2 minutes light, 15 minutes dark fixation with 200X. NaiiC 1403. 

Experiment 4: Same as experiment 3 without DON. Algae were 

kept 210 minutes in the dark. 
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xperiment 5: 10 ml of L. 5% Chiorella suspension, 240 minutes in 

the dark in distilled water, 15.0 pig DON/mi suspension added, 15 minutes dark, 

3 minutes light with 0. 5% CO2-ln-air, 1 minute photoàyntheais, 10 minutes dark 

fixation with 200 >\ NaHC 14O3 . 

Experiment 6: Same as experiment 51  without DON. The algae were 

maintained for 275 minutes in the dark., The degradation data from mixed photo-

synthesis and dark fixation experiments were determined, and it turned out that 

alter one minute photosynthesis and 10 minutes dark fixation the.].abel showed 

almost uniform distribution: glutamic acid: C1, 25.3%; C 5 , 24.6%; glutainine: 

C l ., 24. 5%; C5, 23.9 6/6. Therefore, the experimental times were shortened still 

further, and in order to get more glutarnine and glutamic acid In short times, small 

amounts of ammonium nitrate were added before the radioactive bicarbonate. 

Experiment 7 10 ml 2% Chiorella suspension, 11 minutes In the light 

with 0.6% CO2-&n-air, 35 jA g DON/mi suspension added, 15 minutes light with 

0. 6 1/o G02-in-air,. 300 \ NaHC 14O 3 , 30 seconds photosynthesis and 6 minutes 

dark fixation. The degradation data are as follows: glutarnic acid: C 1 , 40. 5 0/0; 

C 50  20.4%; glutamine:C1 , 37.4%; C5, 22.90/0. 

xperiment 8: 10 ml 216 Chiorelia suspension, 15 minutes in the light 

with 1% CO2 -in-air, NH4NO3 solution added to make a 10 3 M solution, 5 

minutes in light with 1% CO2-in-ajr, 15 seconds photosynthesis, 4 minutes 

dark fixation with 300 A NaHC 1403 / 

Experiment 9: 10 ml 2 47o Chiorella suspension, 5 minutes in the light 

with 1% CO2-in-air, 35 /'g  DON ml suspension added, 10 minutes light with 

1% CO2 -in-air, NH4NO3 added to make 10 M solution, 5 minutes light with 
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1% CO 2 -ln-air, 15 seconds photosynthesis, 4 minutes dark fixation with 300 

NaHC 1403 . 

Experiment 10: 10 ml 2% Chiorella suspension, 20 minutes in the 

light with 176 CO 2 -in-air, 15 seconds photosynthesis, 5 minutes dark fixation 

with 300)\ NaHC140 3 , 

Experiment 11: 10 ml 2% Chiorelia suspension 1  5 minutes in the light 

with 1510 CO2-in-air, 35 :,Lg DON/mi suspension added, 15 minutes in the light 

with 1 0/9 CO 2 -in-alr, 15 seconds photosynthesis, 4 mInutes dark fixation with 

300A NaHC 1403, 

Table II shows the amount, of radloacvi.y fixed in the different compounds 

and Table II shows some degradation data from the8e experiments 

RESULTS .A.ND.DISCUSSION 

The above experiments indicate that glutamic acId, in the light, Is 

uniformly labeled very rapidly which is in accordance with the theory of its 

formation from hexose (or phosphog)yceric acid) via acetate and the Krebs 

cycle. In the dark, the gl1-itan:1c acid may be formed by carboxylation of - 

aminobutyric acid and! or by carboxylation of phosphoenol pyruvate arid thence 

via the Krebs. cycle. For instance, labeled d1_aminobutyric acid was found 

in Experiment 7. 

In the experiments where DON was added, the glutamic acid seems to 

be derived from glutamine (Experiments 7 and 9). The reductive amination Of 

-ketoglutaric acid seems to be blocked (Experiment 9) In experiments 

where no DON was added, the main route to glutamic acid seems to be via 

-ketolutarjc acid, but glutamine, at least in the presence of ammonia, Is 
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TABLE 11* 

Effect of DON and/or NH4NO3 upon distribution of C 14  
in Chiorella after various fixation conditions 

Exper. 8 Exper. 9 Exper. 10 Exper. 11 
NH4NO3 NH4NO3  . . DON 

DON 

cpmonpape.r 3.x10 5  2.6x10 5  2.5x 10 •17x10 

(-Ketog1utaric acid .8550 3.3% .386 0, 

Glutathic acid. 35700 12016 24000 9.2% 20000 10% .18600 11 

citric acid 4850 1.60/4 111-90 4.3% 1130 0,56% 3160  

Malic acid. 26800 8.9% 82000 31.6% 8310 4.1% 28000 .6. 

Fumaric acid 	. 8330 2.87o 21200 8% . 2460 1.2% 7000 4. 

Glycine & serine 11410 3.3% 4460 107% 5040 . 2.550 4480  

Aspartic acid. 83500 29 11/0 9780 3.8% 58000 29 01a 36700 21% 

Alanine 	. 	. 4330.0 14.5% 14820 5.7% 40000 20% . 34260 20% 

Glutamine (citru1 
line?) .3410 1.1% 8200 3.1% . 01% 0 

* % based upon amount placed on the origin 
of the chromatograrn 

10/0  

% 
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• 

TABLEIZI 

Distribution of C 14  in g1utamlne glutaric acid and 	ketog1utar1c 

after short-time fixation 

Exper. 9 Exper. 8 

C 1  Glutamic acid 19.9% 54.1% 

Gltttaxnic acid 12 Z. 9 

C1 Glutaxnine 61.5 49.7 

C5 Glutainine 110 

U 
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formed by another route (compare the results of.  Experiments 8 and 9). It 

appears that the Inhibitory effect of NH4 Ions and DON Is, in general, the 

same and is quite pronounced; see Table XI. 

Another effect of the diazo-oxo-norleucine seems to be the blacking of 

the reductive transamlnatjon and aminatlon reactions which are pyridoxal- 

dependent. TIxefore, theamrnonia pool is built up and all nonreductive re- 

actions which use ammonia 
and which are pyridoxal-Independent are favored; 

perhaps an anildatlon of c -ketoglutaric acid takes place. This amide may form 

a heterocyclic compound (I, see Figs. 1 and 2). 

Another sink for the axrnflonja would ae the amidation of o'amino_ 

butyric acid (found by the decarboxylation of giutamic acid) to its ámlde 	oth 

of those amides can lead to glutarriine. Compound 111 by direct (alpha) car- 

•boxylation would produce glutamine labeled in the Cl carbon. Compound I, 

by reduction and amm.onolysis, would lead to glutamine from -ketàglutarate 

without passing through glutamic acid itself. This latter reaction would also 

account for the primary entry of nitrogen into the amino group of the gluta-

mine without passing through glutamic acid. 

We have thus arrived at two alternative routes to labeled glutamine 

not iuvolving glutamic acid as a direct precursor. The relatIve Importance of 

these, together with the direct route through glutamic acid, will be determined 

by the conditions of the experiment, and the exact relationships must await a 

more extensive set of degradatjog 
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COOH 
I. 

-H20 	H2C HC 

oC C-COC)H 	 HO—C C.COOH 

CONH2 	 N 	(I) 	 N 	(Ia) 

IL 
}i2CCN2 	 HC—CH 

Glutaxnine. __ NH 
- 	 0 C C-COOH 	 HO—C C-COOH 

(II) 	 N 	(Ib) 
H 

Glutarnic Acid 

Fig. I Possible route to glutamine not involving 

glutamic acid as aninterinediate 
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HC-NH2 
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C–O 
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- 

NH3 	
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CH 	 • 

••I 	• 	 H 	0 	• 

CH 
- 

 H C—CH a 

CH 
ArP 

CH 	 • CH2 

COON COON ~ ONH 2  
C 	C-COON 

N 	(I) 

CO -CO2  

• : 2. 

H2 NCH2  H2NCH2 COOH N2CCH2 

CH2 	NH3 CH2 	
kCO 

NC-NH2 	NH3 

CH2, 	ATP C}1 2  CH2 
C 	C-COON 

o 	\ / H 

COON CONH2 CH2  

(III) CONE2 

FIg. 2. 	Interrelations of glutarnine and glutarnic acid 
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SUMMARY 

From a study of the labeling of a number of products in photo-

synthesizing algae using C 0,, in the presence of diao-oxo-norleucine 

as well as in its absence, it is deduced that there exists a route 

to glutamine which does notpass through glutamic acid. 
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