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Al&met--The effect of L-azetidine-2car;boxylic acid on the induction of nitrate reductase in leaf tissues of 
radish and cauliflower plants was studied. Plants were grown under conditions of nitrate starvation or with 
ammonium sulphate either in sterile culture, or in the pmsence of Zchloroa-(trichlo~m~yl~p~d~e 
(“Serve”) or under conditions of molybdenum deficient sand culture. r&zetidine-2-carboxylic acid severely 
inhibited nitrate reductase induction by nitrate in tissues with a low proline content. Inhlbition was reversed 
by simuItaneous infiltration of r.-proline. Induction of the enzyme in response to molybdenum was less 
inhibited in tissues of molybdenum defkiant plants which had a high endogenous proline content. No reversal 
was obtained with seventeen other normal protein amino acids. 

INTRODUCTION 

THB studies of Steward ef al.,’ Fowden2 and Fowden and Richmond3 showed that 
r&W%line-2-carboxylic acid (A-COOH), a proline analogue, was an inhibitor of growth in 

carrot tissue cultures, mung bean radicles and E. co& The analogue was ~~o~orat~ into 
the newly synthesized protein in place of L-proline and both incorporation and inhibition 
of growth were reversed by ~-proiine.~ Petersen and Fowden4 studied the enzymic reaction 
of A-COOH in prolyl-transfer-ribonucIeic acid-transferase of mung bean, a species not 
producing A-COOH, and in Polygonatum multiponrm, a liliaceous species containing 

A-COOH, and showed that A-COOH is a competitive substrate for L-proline in the mung 
bean enzyme system. 

Afridi and Hewitt5 tested the effects of several synthetic and natural ~~e~bo~t~ as 
inhibitors of induction of nitrate reductase in excised leaf tissues of cauliflower in response 
to nitrate or molybdenum as the inducing agent. Many of the compounds tested were known 
to have multiple or complex effects on the processes of protein or nucleic acid synthesis or 
growth and the interpretation of t&se effects was sometimes diflimdt. The specific action 
of A-COOH as a competitive analogue4 of one essential amino acid, which is probably 
associated with the tertiary structure of proteins3 and its known reactivity in protein synthesis 
by intact plant tissues, suggested it would be of particular interest to test its effect on the 
induction of a single plant enzyme: reduced-NAD: nitrate oxido-reductase. (EC 1.6.6.1). 
(Nitrate reductase). 

RESULTS AND DISCUSSION 

The effect of increasing con~~ations of the natural L-isomer of A-COOH on the 
induction of the enzyme in nitrate-starved cauliflower leaves is shown in Fig. 1. A separate 

1 F. C. SZBWARD, J. K. Pow, A. A. P~rcrurrr and 8. WITK~P, Brim. Biophys. Acta 28,308 (1958). 
2 L. FOWDEN, J. Exp. Bmzny 14,387 (1963). 
3 L. Fowns~ and M. H. Rrcmdo~~, B&him. Biophys. Acta 7l, 459 (1963). 
4 P. J. Pirmasa~ and L. POWDEN, Bkrckm, J. 97,112 (1965). 
5 M. M. R. K. Aranx and E. J. H~wrr-r, J. Exp. Bomy 16,628 (1965). 
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experiment illustrating the reversal of this inhibition by L-proline is also shown. The proline 
content of these tissues as measured in the extract used in the enzyme assays was 27.5 pg/g. 
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FIG. 1. THE EFI’BCT OF INCRBABING CONCENTRATION OF L-AZETIDINB-2-CARBOXYLIC ACID ON THE 

INDUCTION OF NITRATE RBDUCIME BY -TE IN NlTRATE-STARVED CAULIFLOWER LEAF TISSUE AND 

THE REVBBSAL OF INHIBITIOS BY L-PROLINE. 

Infiltration by nitrate at 4 mM. Endogenous proline 27_5pg/g fresh wt. of leaf. Time of incubation 
5 hr. 

A-NO,+L-AzetidimG-carboxylic acid; o-NO?+ L-Azetidine-2-carboxylic acid + 50 pg/ml 
cproline; A and 0 Nitrate reductase activity at 0 hr incubation. 

Changes in enzyme activity with time are shown in Fig. 2. Nitrate induced considerable 
activity after 53 hr. A-OH prevented this induction and proline reversed the effect of 
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FIG. 2. THE BFFECF OF TIblE OF INCUBATION ON THE INDUCTION OF NITRATE REDUCTABE BY NITRATE 

IN RADrBIi LEAF TIBBUB GROWN WITH A~#MGN~ NITROGEN AND “Naawe” 10 p.p.m. IN BOLUT~ON 

SHOWING INHIBmoN OF INDUCTION BY L-AZBTID INE-2-CARBOXYLIC ACID AND REVERBAL BY L-PROUNE. 

Infiltration by Nitrate at 4 mM; cAzetidine2carboxylic acid at 1 mg/ml; L-proline at 1 mg/ml. 
Endogenous proline 126 M/g fresh wt. of leaf. 

-NO, only; O-NO, + r-azetidhz-2-carboxylic acid ; G-N%+ r-azetidine-2-carboxylic 
acid + L-proline. 
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the A-COOH. The tissue used in this experiment was radish grown with an ammonium 
nitrogen source in non-sterile cultures in the presence of “N-serve” (2_chloro-6-(trichloro- 
methyl) pyridine), to prevent nitrate production by nitrification. (See Methods.) An 
adequate supply of nitrogen, provided up to the time of sampling, was reflected in a proline 
content of 126 pg/g. 

Table 1 shows that the o-isomer of A-COOH had no effect on the induction of nitrate 
rcductase when infiltrated together with nitrate into nitrate-starved tissue or together with 
molybdate into molybdenum deficient cauliflower tissues. 

TABLET. J~FE~ZTOFD- AZETIDINl&CARROXYLIC ACID ON THJ3 INDUCTION OF NmTB REDUCI-ASE IN 
MOLYBDENUM DEFICIENT AM) NITRATF, STARVED CAULIFLOWER LRAVES 

Nitrite produced as m@I NO2 produced/g fresh wt. of leaf in 15 min after 5 hr incubation 

Infiltration 
Treatments Hz0 

DAze.tidine 
2-carboxylic 

acid 

N%+D- 
MO + D-Azetidine Azetidine 

2-carboxylic 2Sarboxylic 
MO acid N05 acid 

Molybdenum 
d&c&t 

Nitrate 
StiWWd 

9 12 198 216 - - 

70 73 - - 169 156 

NG at 4 mM, MO at 3 +I, D-axetidine2-carboxylic acid at 100 pg/ml in infiltrating solutions. 

In order to show that the effects observed with proline shown in Figs. 1 and 2 were caused 
by its competition with A-COOH and not the result of independent stimulation by limiting 
amounts of an essential amino acid, l-g samples of radish leaves, grown with ammonium 
nitrogen and “N-Serve” were infiltrated with nitrate, proline and A-COOH each alone and 
together. The results, in Table 2, indicate that proline alone is not responsible for the increase 
in enzyme induction when tiltrated with the inducer and the inhibitor. 

TABLE 2. THE EFFECT OF INFILTRATING PROLINE, NITRATE AND GAZETIDINE-2~ ACID ON THE 
INDUCTION OF NITRATE REMJCTASE IN RADISH LEAW (NH4 “N-SERVE”) 

Nitrite produced as rnpM NO* produced/g fresh wt. of leaf in 15 min after 5 hr incubation 
, , 

Ha0 PrOline NOT NG+Proline NG+A-COOH NO~+Proline+A-COOH 

192 264 577 577 277 613 

NG at 4mM, proline at 1 n&ml, “A-COOH” at 1 mg/ml in infiltrating solutions. Proline content of 
tissue 126 H/g. 

A similar experiment with two concentrations of A-COOH was carried out with cauli- 
flower leaf tissues. These were plants grown with nitrate and then deprived of nitrate until 
endogenous nitrate reductase activity had decreased to a low level and had a lower endogenous 
proline content. The results are shown in Table 3. 
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TABLE 3. THE EFFECTOF “A-COOH” ON THEINDUCTIONOF NITRATE REDUCTASE INNITROGEN STARVED 

CAULIFLOWERLEAVESANDTHEREVER.SALBYPROLINE 

Nitrite produced as mpM NO2 produced/g fresh ht. of leaf in 15 min after 5 hr incubation 

’ NO:+ 2 mg/ml A-COOH NO7 + 3 mg/ml A-COOH 
, 

Hz0 NO: alone + 2 mglml proline alone + 2 mg/ml proline 
- ._----- . 

10 201 8 129 0 108 
_ .-__.--._ ~___ _ _ 

NO: at 4 mM. Proline content of tissue 50 pg/g. 

Cauliflowers were grown in sterile culture with ammonium sulphate as a source of 
nitrogen in order to test the effect of A-COOH on cauliflower leaves which had an adequate 
supply of nitrogen and therefore a normal proline content but had been exposed to a minimal 
concentration of nitrate during growth. The results are shown in Table 4. 

TABLE 4. THE EFFECT OF INFILTRATINGPROLINE,NITRATE AND “A-COOH” INTO CAULIFLOWER LEAVES 

GROWN IN SITRILE CULTURE WITH AN AMMONIUM NITROGFN SOURCE ON THF INDUCTION OF NITRATE 

REDUCTASI: 

Nitrite produced as mpM NO? produced/g fresh wt. of leaf in 15 min after 5 hr incubation 

NO; + 500 pg/ml “A-COOH” NO:+ I mg/ml “A-COOH” 
, 

Hz0 NO7 alone + 1 mg/ml proline alone + 1 mg/ml proline 
-.-. _-. 

50 225 106 181 73 142 
--. _-.-____ 

NO? at 4 mM. Proline content of tissue 88.5 pg/g. 

Cauliflower plants grown in molybdenum deficient nutrients appeared to accumulate 
proline, 250 pg/g being found in the leaf possibly accounting for the relative ineffectiveness 
of A-COOH observed. Table 5 shows four separate experiments where concentrations up to 

TABLB 5. EFFECT OF INFILTRATING INCREA~NG CONCENTRATIONS OF “A-COOH” INTCI 

MOLYBDENUM DEFICIENT CAULIFLOWER LEAVES ON THE INDUC’I-IDN OF NITRATE REDUCTASE 

Nitrite produced mpM NOz produced/g fresh wt. of leaf in 15 min after 5 hr incubation 

Mo+“A-COOH” 
, , 

Ha0 MO 1 O%g/ml 2Wg/ml 3@$g/ml 5%g/ml 750pg/ml 
--_- -_ ----. _-- _~__ ___. 

8 970 - 900 804 717 
8 303 291 315 301 - - 

1 mg/ml Zmg/ml 3mglml Smg/ml 1 
8 481 

Omg/ml 
324 

0 1081 928 918 9G 
324 330 
- - 

MO at 3 PM. Proline content of tissue 250 pg/g. 
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10 mg/ml were used, the analogue sometimes failed to reduce the level of nitrate reductase 
formation induced by molybdenum or else inhibition was much less than that produced 
with tissues from nitrate starved plants and there was little or no response to increasing 
concentrations of A-COOH. Where an effect was found, this could be reversed with 
L-proline (Table 6). The effect of molybdenum on enzyme formation with time, already 
shown,5 was confirmed as described in the experimental section. 

TABLE 6. EFFECT OFINFILTRATING “A-COOH” IN~MOLYBD~UMDE~~IEIWCALILWLO~ER 

LEAVBSONTHEINDUcTIONOFNITRATBREDUCTASEANDREVERSALOFlXISEFFEIXBYPROLINE 

Nitrite produced as mpM NO* produced /g fresh wt. of leafin 15 min after 5 hr incubation 
t \ 

MO+ ” A-COOH” (250&m) 

+ 25Opglml + 5O@g/ml + lmg/ml 
MO Alone proline proline proline 

_-___-- _~ - 

660 322 373 573 576 
. 

MO at 3 pM “A-COOH” at 250 &ml in infiltrating solutions. Proline leaf content 250 w/g. 

The specificity of Gproline for reversal of the inhibitory effect of A-COOH was tested 
using equimolar concentrations of seventeen other Gamin0 acids as shown in Table 7. 
None of those tested, except proline, caused appreciable reversal in tissues of radish leaves 
grown with an ammonium nitrogen source in the presence of “N-Serve”. 

TABLE 7. EPFE~TOFPROLINEANDOTHERCOMMONPROTEINA~IINOACID~ONINHIBI'IIONBY “ACOOH” 
OFNITBA~REDU(JTASGINDU~~INRADISHLEAF~UES 

Nitrite produced as mpM NO1 produced/g fresh wt. of leaf in 15 min after 5 hr incubation 
I 

Hz0 N% NG + “A-OH” NOT+ “A-COOH”+amino acid L-Amino acid 

202 

277 

378 

465 

126 

75 

178 

720 

811 

685 

829 

643 

547 

564 

294 

463 

381 

526 

262 

177 

175 

231 
264 
433 
309 
409 
324 
429 
519 
490 
247 
286 
307 
274 
189 
223 
188 
216 
421 

G&me 
Alanine 
Serine 

iFE=yFdre 

Arginine 
Histidine 
Tyrosins 
IS&l&le 
f-ysine 
Threonine 
OrIlithitX 
Leucine 
Citrullme 
TrYptophan 
Glutamic acid 
Proline 

NG at 4mM. “ACOOH” at 1 mg/ml infiltrating solution. Proline leaf content 120 &g. 



1334 E. J. Hawrrr and B. A. NORTON 

The previously reported effects*-4 of L-Azetidine-2-carboxylic acid as an inhibitor of 
growth and as a competitive substitute for L-proline in protein synthesis in plants have now 
been shown to operate during the formation of a specific enzyme protein : nitrate reductase. 

Plant tissues vary greatly in their concentration of endogenous proline as shown here 
and in other unpublished work with J. F. Thompson. Molybdenum deficient plants grown 
with nitrate usually have low concentrations of most free amino acids,6* ’ proline apparently 
being an exception, whereas in plants grown with ammonium sulphate, most amino acids 
are present at high concentrations’ and nitrogen starved plants are deficient in most amino 
acids including proline.* Differences between the degree of inhibition produced in different 
tissues, especially when grown without molybdenum as contrasted with any other growth 
condition can therefore be most readily explained by differences in endogenous proline 
concentrations or possibly by the balance between proline and other free amino acids. This 
result is in complete accord with similar observations on the effects of endogenous proline 
concentrations of different species reported by Fowden.’ If this conclusion is correct, the 
results for effects of the analogue on induction of nitrate reductase either by nitrate or by 
molybdenum as separate essential factors (Afridi and Hewitt)9 indicate that proline incor- 
poration is dependent equally on &repression by the substrate (nitrate) and the presence of 
the prosthetic metal. In unpublished work we have confirmed the observations of &evers 
et aLlo that puromycin inhibits the induction of nitrate reductase in response to nitrate and 
have extended this to show that puromycin inhibits to a comparable extent, formation of the 
enzyme in response to molybdenum. 

Whereas puromycin terminates peptide chain synthesis, cazetidine-2-carboxylic acid 
interferes in the incorporation of a single amino acid at the earlier stage of t-RNA-amino 

acid transfer. It therefore appears that both nitrate and molybdenum are equally necessary 
for the de nova synthesis of the enzyme. Further experiments are now in progress to test this 
conclusion. 

EXPERIMENTAL 

Plant material. Cauliflowers (Brassica okracea var. Botqtis) co mmercial variety Tremendous were 
grown under three different conditions: in water culture under conditions of molybdenum deficiency for 
6-8 weeks, Hewitt;” in sand culture with a limited period of nitrogen starvation of 7-10 days after a &week 
growth in complete nutrient; in sterile sand culture using ammonium as a source of nitrogen for 8 weeks.9 
Radish (Raphanus mtivas) commeraal variety Saxa were grown in sand culture for 4-6 weeks using ammonium 
as a nitrogen source and 10-20 p.p.m. “N serve” (2-chloro-6-(trichloromethyl)pyridine) to inhibit nitrifica- 
tion (Goringlz), as this procedure has been shown to be effective. in production of plants 
nitrate reductase activity (unpublished work of E. J. Hewitt, B. A. Notton and E. F. Watson). 

having only low 

IqfWation and incubation. or or o-Azetidine2-carboxylic acid, L-proline or other bamino acids and 
molybdate (3pM) or nitrate (4 mM) were introduced into leaf tissues by vacuum infiltration.9 AI1 leaves were 
used from radish and from molybdenumdeticient and sterile-cultured cauliflower plants and medium-aged 
leaves were used from the nitratistarved cauliflower plants for the tests on enzyme induction. 

After removal of midribs, leaves were cut into small piece-sand well-mixed I-g samples were infiltrated in a 
total volume of 10 ml by three successive evacuations and restoration of normal atmospheric conditions. 
Tissues were then either processed at once or incubated at 25’ in 11,000 lux white fluorescent light for a known 
period. This was usually 5 hr and based on previous results.5~ 9 

6 E. J. Hswrrr, E. W. B~Lu-JONPB and A. H. WILLIAMS, Nature 163 681 (1949). 
7 E. J. Hawrrr, S. C. AGARWALA and A. H. WILLIAMS, J. Hart. Sci. 32,34 (1957). 
* A. H. WILU~ 1. Sci. Food’&. 8,533 (1957). 
9 M. M. R. K. Ararm and E. J. Hmvrrr,J. Ejcp. Botany l5,251(1964). 

lo L. BEZE~JZWS, L. E. SCHADEB, D. PLESHER and R. H. HAGEMAN, Plant Physioi. 40,691 (1965). 
l1 E. J. HEWITT, Sandand Water Culture Methods usedin the Study ofPlant Nutrition. Tech. Commun. No. 22, 

Commonwealth Agricultural Bureaux (1966). 
1s C A. I. GORING, Soil Sci. 93,21 I (1962). 
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Enzyme assay. The leaf tissue was ground in a pm-chilled mortar with 3 ml potassium phosphate buffer 
(@l M pH 85) and activity was assayed using 05 ml of the centrifuged extract by incubating for 15 mm at 
17” in the presence of NADH (@2 mM), NOT 6 mM) and potassium phosphate but&r (0% M pH 7.2 in a 
total volume of 4 ml. The reaction was stopped by oxidative removabf NADH with acetaldehyde (15 ml 
of M) and alcohol dehydrogenase (ADH Ql ml containing 10s units) and mixing with the Griess-Ilosvay 
reagentstodeterminenitriteproducedbymeasuringlightwctinctionat540nm13. Anassaycontrolwasobtained 
by omhting NADH from a similar reaction mixture and enzyme activity was determ&d from the difference 
in nitrite produced during incubation with or without NADH, when expressed as rnp moles/l5 min/g fresh wt. 

In most experiments the standard infiltration treatments comprised a control with water for comparison 
with effects of incubation with nitrate for the prescribed period, a combined treatment with the inducer 
(nitrate or molybdenum) together with L-azetidine2-carboyxlic acid and with or without cproline, and a 
treatment with the analogue alone. In a few tests one or more of these treatments were given at zero time 
immediately before. assaying the samples. However experience in this work, in precisely similar experiments of 
Hewitt and Nottoni and in other unpublished work by the writers as well as in the earlier experiments of 
Afridi and HewiW 9 showed that measurements of zero time enzyme activities on all samples was unnecessary 
for the purposes of this work. The results of 7 “zero time” measurements given below for molybdenum show 
nevertheless that there is 110 immediate restoration of activity when the element enters the tissues; zero time, 
H,0:42&17;xerotime,Mo: 53+20;after5hr,Mo:463+267. 

Proline was estimated using 1 ml of the enzyme extract and the acid ninhydrin (pH about 1) reagent of 
China&s as advised by Fowdens in a pemonal communication. Recovery tests adding proline to ground 
leaf tissues were carried out and showed that valid results were obtainable. 

Sources of chemicals--L and o-azetidme-2-carboxylic acid were obtained from the California Corporation 
for Biochemical Research, NADH and ADH from Sigma Chemical Coporation, “N-Serve”, as a gift, from 
the Dow Chemical Company, Seal Beach, California, Gproline from B.D.H. Poole, England and other 
chemicals were analytical reagent grade. 

13 E. J. HEWITT and D. J. D. NICHOLAS, In Modern Methods of Plant Analysis (Edited by H. F. LIN%IZNS 
B. D. SANWALL and M. V. TIUCEY), Vol. 7, p. 67. Springer, Berlin (1964). 

14 E. J. Hawrrr and B. A. Norris, Biochem. J. 10139~ (1966). 
15 F. P. CHINARD, J. Biol. Chem. 199,91(1952). 


