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The preriménis which aré described below were performed to find .
ocut more about the ‘inhi'bitor»y .effecfv'of diazo-—oxo-ﬁnoﬂeucine' (DON) on the |
amino éqids and 6the_r’ acidé of the K;;ebs cycle. _Spec,ivficalvly,‘ the r.elétiong-.
shvipv between gllut'am‘ic‘ acid, glutamine anﬁ A -izéto_glizt_aric #cid was investi-

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

vv?t,h chne_desmus azaserine a_éts to prodtice a rﬁarked inczfea.se' in thé levels
of glutamine and the K‘rebsb cycle agids, accompanied by a cor're‘spondi‘ng;»‘
“depletion of the amino ac¢id feservoi'ré‘c -. ' ..

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

serine on photosynthesis and cn the amino acid and dicarboxylic acvi‘dlpools_ :

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

much the same on Scenedesmus; no inhibition on Chlorella was found with aza-

serine,
Long-time photosynthetic experiments with DON showed a very sharp
increase in the amount of glutamic acid which is formed ‘durizigvfive minutes, -

A very pronounced maximum is observed after 20 minutes of DON inhibition

% The work described in this paper was sponsored by the U.S. Atomic
Energy Commission,
¥  Present address: Crganisches Chemisches Institut, Technische
Hochschule, Munich, Germany. Fulbright Fellow, 1956-1957.
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at a suitable concentration. '.I-I‘owe\.rer, after »lthi‘s time a very s'h.a.rp drop occurs,
- and -aftef 50 minutes th"e" a.rr_ioﬁﬁt of glutamicv acid d%‘opﬁ to 20% of the amount .'pre..
' éent after 20 miﬁutea and then iemains nearly constant. The amount df‘%-
ketoglutaric a‘gid and glutamine continues to rise dufing‘these experinients,

Van der Meuleﬁ also éomparedihe épecific activities of gluta_mic acid
. and glutamin'e.v During the first 25 minutes after DON injection, glutamine seems
to have a higher\;~quci£ic activity than glutamic acid, These facts lead one to
' suspect that there may b? a way by wﬁiéh glutamine can be forrhed other than
- through glutamic ‘acid. One nﬁ_éthoddf getting an answer to this question
would be to make a comparison of the distribution of the bradioactivity of
the glﬁtamic’ é,cAid, c-ketoglutaric acid and the glutaminé after a photosynthetic
experixﬁe‘nt’ with carbon-14 and the following experiments were doné for this
purpose. . | |

EXPERIM ENTAL

Counting techniques and degradation studies on glutamic acid: Al the radio-

| activity measurements f’ozf the determination of the distribution of label were
made by measuring the 01402 in ionization chanders, and the organic mate;’ial
was combusted in ‘vsea.led tubes with copper oxide according to tile procedure of
Wilzbach (5). Carbon dioxide from the degradations was trapped in sodium hy-~
droxide solution and converted to barium cafbona_te. The CO, from the barium
cérﬁpngte was li'berated'by copper suliaie at 6“50o in a 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 o c';oox-z - €Oz (Cy)

VHC-NHZ | HC-NH, ST
T ! .
CHZ 1.NaN;, CH, - Ag0, COOH KOH; NaOH | COOH
|4 T , =~ : B
CH, Z’I“‘ZSQ‘* - CHNH, ~ c!;Hz ~ 340°C - CH3
L - | 4 +
COCH - e ~ CH,NH, COp (Cy)

COz (Ts). S ' |

NaNj

> COZ -+ v'C.HV3NH>2

'I he Schmidt degradauon was checked thh glutamlc 5.cl4 acid and _giutéinic-l-

(.314 acid and this general procedure has been described by P‘mares (8). :
- qulfuric acid (1.2 ml, 100 0) was added, at 10° , to a mixture of

2 mmoles of glutamic acid (294.3 mg) and 200 mg of sodium azidé.A Over a.

period of 10 minutes the temperature was raised to 70° and maintamed at that‘

point for 30 fninutes. The usual precautmns were té.ken to avoid any atmos-

pheric COZ. The yleld of carbon dioxide is about 60-70%. Thre_e deter’minations

of the radmac'txvity of the glutamic-S-C- - acid (echressed in mV/mm/mmole)

and the ba.rmm carbonate denved from it by the Schmldt reaction are tabulated

below:
glutamic acid: " sample 1 1939 mV/min/mmole

2 1946

3 1952

average 1946

barium carbonate: sample ‘1_. 1860

' - 2 1839

3 1853

average 1871



The Earium .¢arbonate his‘oﬁlj:Q.S. 1% 0£>the.;activityi o1 the. ’iglxifamic
écid. There wereith.ree possible reasons for this rééulf: (1) a bl_ank of'BaCb3;
(2) an‘in.conple_te conversion of BaCOj3 to CO2 iﬁ the sealed tubes; and (3) the
possibility that at least in the case of the glutamic acid some of the C, is 'sélit
off by the Schrmdt degra.datzon procedure. Therefore, a Schm1dt degradatxon was |

clt acid. The reaults of this latter expernnent showed

CI4

performed with glutamic-1-
. that the banurn carbénate had about 6% of the z;adioacthty of the glutamw -1
acid which clearly shows that some of the resulting carbon chox1de comes from

A ;he Ciof glu'tamxc acld.

: | Another experiment wasg done to. check the o:ridatwe decarboxylation of
,7( ;jlﬁdiam’inqbutyrifc_--‘.'1‘-C 4 acld to F ala.mne. | It turned out that about 40% of
_"'th‘e,:CO:Ziwis‘v dgfix‘f-ed from vfu'rthe:_qx1datzogs, vand the spec1fic athiﬁ:y of the car-
‘bon ‘clioﬁ'i'de“;vlzic_lf;.,\r;raé trapp'bed aufi_ng the 'r-eacvtionf Of"itlhe-, o(,))’.‘:-»-‘cllia;h.lin-ob_‘uty.ric.:-‘l‘». ,

014

a_cid with s’ilver'ok'ide was 6nl'y 58,4% of the th‘eo‘retical é.m-éunt. Therefore,
the C} was ’dete"rmibne'd by ninhydrin oxidation; the ‘yields of the reaction from [~

alanine to acetic acid weri? generally poor',- being only 5-10%.

' Isolation of giutamic acid éﬁd_ glutamine from photosynthesis or dark

: fizcétién'exlpéri'ment's: , Thg algae were killed by pouring the suspension i'ntov four
vpé.rté Qf boiling ethanol and this 'suspénéion was imnieciiately COoléd to 5°, The
inéoluble fractions were separated Ey c‘ent-riiugation and_ extracted with cold ZO%
ethanol. The combined extracts vvvere’ concentréted by;freezeb drying. The con- .
centréted extracts of 200 of'w‘ét-packed 'cells. were placed on a sheet of ‘What~
man No. 3 {ilter paper for two-dimension chromatographic{sep;ration. For

the first direction a water-saturated phenol was used; the pH was adjusted to
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5.5 with 0.1 N aodium h)doxide. For the second directmn, butanol-propmmc |
acxd-water was used. In the box there was a O 3% a.mmoma solution.

Both glutamee and glutamic acid we're eIuted.‘ The glutamine was hy-
drélyzed by heating with dﬂute hydrochlonc acid for flve hours and rechromato-
graphed in one diréction with phenol. After dﬂution the glutamic aczd was re-

' crystallized twice. From both samples of glutaﬁuc acid (one denved from clu-i :
ta.mine) the ‘specific activity per mmole was carefully determmed and compa.red
with the value obtained for the barium carbonafe after the Schmidt reaction az_xd_
the n_inhycirin qxi&atioxi.f

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

Chlorella (frbm shake flask culture) wae added 0,8 ml 2.5 x 10-3 M Kyk '*IPO.@/
KHZPO4 buffer™ followed by 15-m1nut\_ flushmg with a mixture of 3.7% COZ

in- alr. The sample was illuminated with two photoflood 1amps. Then a solutxon
of 10 ﬁg/ml of DON was mJected and 1.5 *nl NaHG 03 (0. 026 M, 400 /uc/:ml)
wag added in the hght with carbon dm*dde. I‘he reactzon vessel (”lollipop") |
wa.s shaken for 15 minutes in the light and the algae were then ’cllled. 'I'he radio~

‘activity determinations from the degradatmn studies showed:

Glutamic Acid _ c, 21.2% of total activity

| Cg 22.7% of total activity

. Glutamine - | : .Cl 19.6% of total activity
Cs' ~ 20.2% of total activity

The ratio of glutamic acid to glutamine 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 photosynthesw times to .

* In all the later experiments, ‘a volume of this buffer was added eqizal to the

volume of the wet-packed algae cells used,
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avoid a uniform distributi-on of radioactivity. Therefore, the activity of the C;
| énd Cs of glutamic acid iromvordina.ry phc;tosynthesls éxperzmenta of varymg
times was determired; these experiments were. performed in the usual manner;

- A Cb.lorella susp’ension was maintained for 15 z%:unutes in the light and
ﬂushed with a 0 6% COZ-m-airv; then the NaHCMO3 ‘wé.s injected. The results lof

. the glutamic acid degradations'aré _a._é follows:

Photosynthesis time - Glutamic acid C; - Giutamié acid Cg
minutes : % of total acti_vity . % of total activity
10 o EETR 2. - ez
6 s 23.0
E o TR 2z
1 ) TR 12

= The valt.;e.‘s-of the -on_e-minui:e photosyntheSis experiment are not very accurate.
The act1v1t1es.were very low and the rror may be as high as 15-20%.

| It tnus appears, ‘as a result of these experunents, that the glutarmc

acid. séemo to be very nearly ﬁmformly labeled even 1n as short a ﬁme as.
t};ree mlnutes. Neverthelvss, the total amount of radioacti v;ty in the glutamxc

f.j"':_'avcid isv ra?her small, about 0.3% of the total f1xat10n.l

It is nof surprising 'ﬁhat glutamic acid formed in the lli_gh.t is ﬁ_niformiy

labeled very soovn, if one assumes that it is formeci ‘v‘iva the Krebs cycle from

A vacet.ate dérived froﬁi i;he, same source as the C 1F~Cg and C5—C(, paire of bexose.

Quite another route of glutamic acid formation is expexted from dark fixation.

Bl

The glutamic acid from Scenedesmus, after a 10-minute dark fixation experi-



ment, showed the following distribution of activity: C;, 96% and Cg, 8%.

(Five percent of the C| activity is found in the Cg, as mentioned above.)

Experime-nts‘ with photosynthesis together with dark fixation: The coxi— :

ditions of the various experiments are described below.

Prevlimiﬁar-y e:ﬁpéi‘irﬁént: 25 ml of 1% Chlorella suspensmn plus 0.5 ml
phosphate buffer, & hours m cofnple.tc dar&n°s$, the last 10 minutes w1th 25 ,ng
DON/ml suspension, ‘3 minutesh:vht and 0. 5% COz-m-au, 10 mxﬁutes dark fl):.d.-';
tion with Nal’Cl4O3, 1 mmute llghf and again 5 minutes dark fixation. ! ~1utamic“
| acid,pontained only‘ab'olut 16% of’th'e tetal activity fixed, ‘but there was none, or

very little, in the gluta.m'_irie ‘ "l'h'is’ ma;r be explained by the fact tha.t.the ATP
pool for amida‘tion.of the cérboxfl group i3 too small. This same ’obse’rvation
was made in a further sefies of experiments (see Téble I).

The procedx;.re and,conditiohs of the six experirnents whose results
are ‘summariieé in Table I are as follows:

_Experiment 1: .,,1_0 mLof 1.5% Chlorella suspension, 120 minutesin ___ _

the dark in di.atﬂled watar, 15.0 ug 3’“\7/m suspension adaed 20 minutes
light flushed with 0. 5% CO;,-in-air, 6 minutes photosyntnesm with 200 )\
NaHCl40,,

Lxperiment 2: Same as experiment 1 without DON, Algae were kept

150 minutes in the dark.

Experiment 3 10'ml of 1.5% Chlorella Suspensmn, 180 minutes
in the dark in distilled water, 15.C 4g DON/ml suspension added, 20 minutes -

dark, 2 minutes light, 15 minutes dark f1xat1on with 200\ IIa C1403.

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

kept 210 minutes in the dark.
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-Exp-eriment 5: 10 ml of 1.5% Chlorella suspensmn, 240 mmutes in

the dark in dxstilled water, 15. 0 g DON/ml suspension adued, 15 minutes dark,
3 minutes light with 0, 5% COZ-in-air, 1 minute photosynthesis, 10 minutes dark
fixation with 200 A Nchl4o3.

Experiment 6: Same as experlment 5¢ without DON, I‘he algae were

maintained for 275 mmutes 1n the dark, The degradation data from mixed photo~
syﬁthesis‘and dark fixation experiments were determined, and it t'urned out that
after one mi’nﬁté phdtoéynthesis and 10 minutes dark fixation i:he.lé.bel showed -
almost uﬁi_form distributién: gl‘ufag;ic acid: C_I; 25.3%;. Cgs 24.6%; giutaminé:
Cl,, 24:..'5%; C5, 23.9%, Therefore, the ex‘perimental. time_s were‘s_hortened still
further, and in order to get more glutaminé and giu’tamic acid in short times, small
. -ar.nd,unés of 'ammﬁnium x_ﬂtrﬁte were added before the radxoactive bica.fbonate.

Experiment 7: 10 ml 2% Chlorella suspension, 11 mmutes in the light

' with 0.6% COp~in~ -air, 35 /A g DON/ml suspension added, 15 minutes light w1th
0. 6% COz-in-air,. 300 A NaHCM‘O_a,, 30 seconds photosynthesis and 6 minutes L
~dark fixafio‘n. | 'i‘he degraciétio‘n data are as follows: glutamic acid: Cy, 40.‘ 5%;
cs, 20, 4%; glutamine: C1, 37.4% Cs, 22.9%. | |

Experiment 8: 10 ml 2% Chlorella suspension, 15 minutes in the light

. with 1% C.Oz-in-air, NH4NO3 solution added to make a 1073 M solution, 5
minutes in light with 1% COZ-m-air, 15 seconds photosynthes1s, 4 minutes
dark ﬁxatlon with 300 A Na.HC1 "0/

Expemmen‘c 9: 10 ml 2% Chlorella suspension, 5 minutes in the light

with 1% CO;,-in-air, 35 Mg DON ml suSpensmn added, 10 minutes light with

1% CO3-in-air, NH4NOj3 added to make 10"3 & solution, 5 minutes light with
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1% COZ-in-air, 15 seconds photosynthesis, 4 minutes dark fixatioa with 300"&

NaHC}40,,

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

hght with 1% COZ-m-axr, 15 seconds photoeynthesm. 5 minutes dark fixation
with 300\ NaHC140,,

' Experiment 11' 10 ml 2% Chlorella suspension, 5 minutes in the light

with 1% Goznn-au. 35 He DON/ml suspension added, 15 minutes in the light

': with 1% COz~in~air. 15 s‘econds photosVnthesis. 4 minutes da’rk fixation with =
300 A Nanc4o;.

o Table II shows the amount of radioacﬁvxty fixed in the different compounda'v

and Table 11 shows some degraaatlon data from these expe riments.

RESULTS ,AND.D-ISCUSSVION | _ ‘ o | "
The above expemments indicate that glutamic ac1d in the lmht, is ‘
un‘formly labeled ver‘y ramdly which 15 in accnrdanée with the theory of its ‘
: formation from hexose (or phosphoglyceric acid) via acetate and the'Kre‘l:_»s
| cycle. In the dark, the glutamic acid ma}; be formed by carboxylation of j’-l
aminobutyric acid and/or -by'ca.fboxylation ,cvf phosphoenol pyruvate and fhencé
via the Kfebs. circle. Fo? instance, labeled J-aminobutyric acid‘was foﬁnd-
in Experiment 7. .
')'.n the experiments where DON Qas added, the glutaﬁic acid seems to
be derived from glutamixie .(Exper_ii'x}ents 7 and 9). The reduétive amination of
A »ketogluitaric ac-id seem3 to be blocked (Experiment 9). In ex'periments
where no DON was adde.;d.. the main route to glutamic acid seems to be via

¢ ~ketohlutaric acid, but glutamine, at least in the presence of ammonia, is
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 Effect of DON upon the distribution of ct

4 TABLE I .
in Chlorella after vario

us fixation conditions

Exper. 1

Malic acid

H.Nﬁb

4 | Exper. 2 Exper. 3 mwvww.. 4 Exper. 5 ! Exper. 6

cpm on paper | 1.4 x 10° 4,6 x 10° 1.4x10° |7.3x 105 4.8 x 10° 5.5 x 107
o:_.no:.o acid 3.41x10% 24%  9.23x10% 20% .
\Glycine & serine 32100 2.3% | 29200  6.3% 4430 w.wﬁ_.w 5400 7.4% @ 19000 wﬁ, 29000  5.3%
Alanine 6490 o.»mw@ 15890 1.3% 3480 N.mﬁﬁwoo 1.6% | 13800 N.ﬁcw 22950  4.1%
Glutamine _. 3470 0.25% 490 < 0¢1% none . none 1070 0.2% _.» 570 0.3%
ﬁnﬁ&wgwo acid | 3380  0.25% . 111270 8% {3800 5.1% | 14270 3%
Aspartic acid 7790 0.55% 7770 1.7% 18400 13% (9200 12.5% 20000 pzw 25400  4.6%

13740 1% | 7116  1.5%| 1540 1440 - 2% 4270 0.9% | 3270  0,6%
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TABLE I1*

Effect of DON and‘/or NH4NO3 upon distribut;ion of c14
in Chlorella after various fixation conditions :

Exper. 8 ',

Exper. 10

~ Exper. 11

Exper. 9
 NHgNO3 | NH4NOj & DON
DON
cpm on paper 3x 105 2.6 x 105 | 2.5 x ,105‘ ; | 1.7 % 10? ; |
0( Ketoglutaric aczd g8550 3. 3%"' | | [386 0.22%
Glutaraic acid 35700 12% 24000 9.2%| 20000  10% 18600 11.0%
Citrie acid 4850 1.6% | 11190  4.3%| 1130 0.56%" 3160 1.9%
Malic acid_ 26800 8.9% | 82000 31.6%| 8310  4.1% | 28000 - 6.5%
Fmaﬁc acid 8330  2.8% ,21260 8% 2460 1.2% 7000  4.1%
Glyeine & serine 11410 3.8% | 4460 1.7%| 5040  2,5% | 4480  2.6%
Aspartic acid . 83500 - 29% 9780 3.8%| 58000 29% | 36700 21%
Alanine 143300 14.5% | 14820  5.7% | 40000 20% | 34260 20%.
Glutamin‘eb(citrulh o ' |
line 7 ) 8200 3.1% | 0.1% 0.1%

of the chromatogram

k9 based upon amount placed on the origin
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 TABLE I

~ Distribution of (.'.14 in glutamine, glutaric acid and d(ketoglutaric
after short-time fixation

Exper., 8 o Exper. 9
C, =~ Glutamicacid 19.9% o 54.1%
 Cg  Glutamic acid I - 12.9 )
C, Clutamine 61.5 . 49.7
Cs  Glutamine = | . 1Lo
C, A-Ketoglutaric | o b 15.7.
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formed by another foute (compere the results of EXberiments 8 and 9,‘ It
appears that the inhibitory effect of NH4 ions and DON ivs, in general, the
same‘ and is quite pronounced; see Table 1. |
| Another effect of the diazo- oxo-norleucine seems to be the blockxng of

the reductive transamination and amination reactions which are pyridoxal-
dependent. 'I‘henefore, the- ammonia pool is built up and all nonreductive re-
actions which use ammoﬁid and Q‘nch are pyridoxal-independent are favored
perhaps an amidation of o( -ketoglutarzc amd takes place. 'I‘hze amide may form
a heterocyclic compound (I, see Figs. 1'and 2), |

Aeother ‘sink for ‘the. ammonia wo-uid ee the e,rixidation of " A-amino-
butyric acid (£ ound by the decarhoxylatmn of glutamic acid) to its amide. Both
of these amxdes can lead to glutamine. Compound III by direct (alpha) car-
.boxylanon would produce gluta.mme labeled in the C1 carbon. Compound I,
by reductmn and ammonolysis, would lead to gluta.mine from -ketoglutarate
without passing thrOugh glutamm ac1d itself. This latter reaction would also
account for the pr:mary entry of nitrogen into the amino group of the gluta-
. mine thhout passing through glutamm acid, |
We have thus arrived at two alternative routes to labeled glutamine
| n_ot’v‘involving glutamic acid as a dire‘ct precursor, The r’elative importance of
these, together with the chrect route through glutamic aC1d, will be determined
by che conditions of the experiment, and the exact relationshxps must await a

‘more extensive set of degradations.



f14-'

' - <H,O . H,C—CH2 = c HCw——CH
CcH 2 ar 2
CONHz Non - (1a)

H,C——CHp - HC—cCH

- Glutamine . R AESEI- TR C : ‘ .
S =C ,C-COOH - . HO-C  C-COOH
-\ /H _ S . \ /

. £§‘ A{II) | : | _I? _ (Ib)
. i '

Glutamic Acid

Fig. 1 Possible route to glutamine not involving -

glutamic acid as an intermediate
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Fig. 2.  Interrelations of glutamine and glutamic acid
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. SUMMARY
'From a study of the-lébeling of a'n'umber of lﬁroducts in ph‘otio—
synthesizing aigae using C14Oz in the presence of diazo-oxo-norleucine

(DON);, as well as in its absence, it is deduced that there exists a route

to glutamine which"_does not pass through glutamic acid.
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