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Ah&act-Activity of the enxyme degradii Ncarbamylputmscine to putrescine (N-carbamylputreecine 
amidohydrolase) is greater in leaves of potassium-delicient barley tban in leaves of barley grown with a normal 
potassium status. The enxyme was detected in the leaves of seedlings of wheat, rye, oats, maim, pea, radish, 
sunflower and three varieties of barley. The pH opthnum of the enxyme extracted from the leaves of barley 
seedlings was found to he between 7 and 8. The energy of activation was 13.5 (s.e. 1*3)kcal/mole and the 
energy of activation for the denaturation of the enxyme was 32.5 (s.e. 17)kcal/mole. Half of the activity was 
lost on heating the enzyme for 15 min at 52”. The enzyme was strongly inhibited byp-chloromercuribenxoate, 
and this inhibition could be mversed with cysteine. Enzyme preparations did not degrade putmschre, allantoin, 
citrulhne or N,N’dicarbamylputmscine with the evolution of ammonia. The N-carbarnylputrescine 
amidohydrolase was not responsible for the glutaminase or unease activity which could be detected in the 
barlq leaf extracts. 

INTRODUCTION 

IN BARLEY, putrescine is formed from arginine by the following pathway; arginine-t 
agmatine-tN-carbamylputrescine (I) +putrescine (II).1-3 Both N-carbamylputrescine and 
putrescine are produced on feeding agmatine to excised barley leaves, and entire leaves and 
barley leaf macerates hydrolyse N-carbamylputrescine to putrescine. Although it is known 
that N-carbamylputrescine may be degraded to putrescine by micro-organisms.4~s the 
enzyme effecting this step has not apparently been studied in detail; moreover it appears that 
this enzyme has not previously been reported in higher plants. 

The work to be presented concerns some of the characteristics of this enzyme (N- 
carbamylputrescine amidohydrolase, to be termed the amidohydrolase). 
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Since it is known that putrescine accumulates in potassium-deficient barley leaves and 
that simultaneously the activity of L-arginine carboxy-lyase (arginine decarboxylase) i> 
increased.2 it was also of interest to discover whether a similar increase ivith potassium- 
deficiency might be found in the activity of the amidohydrolase. 

EYPERIMENTAL AND RESULTS 

A quantitative estimation of the amidohqdrolase activity in Proctor borlcy seedlings was 
made on duplicate samples after 2 weeks’ growth. For those gronn tiith tap-water only. the 
activities were 50 and 58 pg NH3124 hr/g fresh weight. Seedling leaves of this \ ariety grown 
\\ith full nutrients gave \alucs of 26 and 34 I+ NHJ’24 hr g fresh \!eipht. The putrcscinr 
level in the seedlings which hnd been grown in tap-water has estimated chromatographicall> 
and found to be 2-3 times that of the controls which hrtd been groivn \\lth full nutrients. 

In an attempt to detect amidohydrolase activity in other plants. seedlings of eight species 
were grown in tap-water. The enzyme \cas determined using the scmiquantitati\e method 
(see Methods sectlon). The enzyme was detected in barley (vars. Proctor. Mildeli resistant 
and Plumage Archer). \\hrat. rye. oat\. maize. pea. radish and \unflo\ier. 

Representative samples of the leaves from I I- and 1Cweck old normal and pofassium- 
deficient barley plants kverc extracted (see Methods section). and the N-carbamylputrescine 
amidohydrolasc and r_-mginine carboxy-lyase activities lvere determined for each extract. 
The results are presented in Table 1. After 17 11 eeks’ growth the putrescinc concentration in 
the leaves of the potassium-deficient plants was estimated chromatngraphically and found to 
be approximately 250 llg ‘g fwsh M eight. 

TAHLF I. ~-C~RB*~~VLPUTRESC~NEA~~~DOHYDR~LASEA~~I-AR~,IX~?~E 

( 4RBOYY-I Y4SE ACTIVITIIESINTHELLAVESO~ NORhI.iL hN0 l4)TAWI'\f- 

DPFI~lEhTPRO(-1OR R4RI.F\ 

Enzyme ActwIt> 
--. 

N-carbamylputrewnc ; 
amldohydr oldse ! 
f/&g NH3:I-I hr’g 
fresh wclght I 

, 

r-nrgminc 
carboly-lyase I 
(/kg agmatine/hr/g 
fresh weight) i 

J 

Age of plant 
in w4.s 

Normal Potassium- 
dcticlent 

Amldohydrolase activity was determined by estimating the 
amount of ammonia produced on incubating the leaf extract blth 
N-carbamylputrescine. L-Arginine carboxy-lyase activity was dc- 
termined by measurement of the rate of agmatine production (SW 
Method, srctwn). The results given are those obtained in rcplicatcd 
determination,. 
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The pH optimum for the amidohydrolase activity in vitro was estimated using extracts 
which had been dialysed against buffers of various pH values ranging from 45 to 10-O (Fig. 1). 
No Werence in pH optimum could be detected between an unpuritied extract and an extract 
prepared by the acetone precipitation technique; in both cases the optimum was found to lie 
between pH 7 and 8. In subsequent experiments the standard assay was conducted at pH 7.2. 

01 I I L 

4 5 6 7 8 9 IO 
PH 

RG. 1. THE EFFECT OF pH ON NSPUTREKWB AMlDGHYDltOLASE ACTIVITY. 

Samples (6 ml) of untreated barley leaf extracts and extracts prepared by the method of fxezing 
followed by acetone precipitation were dialysed against a range of buffers for 48 br at 2” with addition 
of toluene as antiseptic. Each enzyme solution was then made up to 7 ml and 1 ml samples were used 
for the estimation of amidohydrolase activity. The pH was determined on the residual solutions. 

0 !!Sodiwn/potassium phosphate buffers (O-1 M) 
0 Tris-hydroxymethylammomethane/HCl buffers (O-05 M) 
A Sodium carbonate/bicarbonate buffers (O-1 M) 

Eflect of Temperature 

From the results for the activity determined at 25” and 0”, the energy of activation was 
calculated to be 13-5 (s.e. l-3) kcal/mole. Half of the amidohydrolase activity was lost on 
heating for 15 min at 52”. The regression on the proportion of activity lost in 15 min at 
temperatures ranging from 425” to 55” was used to determine the energy of activation for the 
denaturation of the enzyme. This value was found to be 32.5 (s.e. l-7) k&/mole. 

Inhibition 

The results are given in Table 2. The sensitivity of the enzyme to p-chloromercuribenxoate 
and the reversal of the inhibition by cysteine indicates that sulphydryl groups are important 
for activity. 

The enzyme preparation (O-5 ml) with the inhibitor (0.5 ml) was incubated for 24 hr with 
water (O-25 ml) or with N-carbamylputrescine (O-25 ml of 25 mM) in Conway units. 
Simultaneous estimations of ammonia formation in the absence of inhibitor were made in 
separate Conway units. The inhibitor concentrations required to produce 50% inhibition 
were obtained by interpolation. 
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TUSLE 2. EFFECT OF INHIB~T~KS ON N-CI\KBAM~ LPL~TKESCIXF 
AHIDOHWKOI MF ACTIVITY 

Compound 

Putrcscme dlhydrochlorlde 
N.N’-dicarbamylputrcccmc 
Iodoacetatc 
Potawum cyanide 
Semlcarbazide hydrochlot I& 

p-Chlowmercurlbcnxoate 

CyS;tclnc 

p-Chloromcrcurl~n7~1~ 
and qsteme 

Fmal 
concentration 

(mM) 

* Duplicate detcrminatlons. 

From the results presented in Table 3 it appears that the hydrolysk ofglutamine and urea 
was not effected by the N-carbamylputrescine amidohydrolase. 

The protein in the cstracts is probably hydrnlyscd enzymaticall~. giling rise to free 
glutominc and asparagine. These amides may then bc hqdrolysed b? L-glutamine or L- 

asparagine amidohydrolase resulting in the observed incrcasc in ammonia in the absence of 
the normal substrate f Fig. 1). 

TAHLI 3, THE SW-IFICITY ot N-CAKHWIYLPI rwv IV 
AMID@IlYDK( XAYF 

-- 

Substrate 

Putrescine dlhydrochloride 
Allantom 
Cltrullinr 
N.N’-d~_~~bamylputrexmc 
~~paraglne 
Glutammc 

‘V-M barn) Iputrescine 

N-carbamylputrescine and 
glutamine 

Urea 

N-car hamylputrewine and 
urea 

.c 
5 
5 
4 
5 

IO 
5 

10 
5 
c 
5 

10 
5 
c 
5 

Actwty was determind by estimating the amount of 
ammorua produced on incubatmg the enzyme preparation 
with and without substrate. 
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FIG. 2. TtiE RATF. OF AMMONIA FOBbiATlON BY A BARLEY LEAF BXTBACT WITH AND WITHOUT THE 

ADDITION OF N-CABBAMYLPUTBEXWL 

Samples of untreated dialysed barley leaf extract (1 ml) were incubated with water (O-25 ml) or with 
25 mM N-carbamylpukeacine hydrochloride (CP) (@25 ml) in Conway units. After 0,24 and 49 hr, 
the ammonia formed was released by addition of saturated potassium carbonate and trapped in O-01 
N HCI. The ammonia was determined by Newler’s reagent. 

Subcellular Distribution 

On separating the particulate fraction of the leaves of barley seedlings grown without 
nutrients in O-5 M sucrose by centrifuging at 12,000 g for 15 min, all the amidohydrolase 
activity was found to be associated with the supernatant. 

Stoichiometry 

To investigate the stoichiometry of the amidohydrolase reaction, the enzyme was per- 
mitted to hydrolyse a known amount of N-carbamylputrescine to completion, the resulting 
amounts of putrescine and ammonia estimated, and the molar proportions of these three 
components compared. 

The N-carbamylputrescine used in this assay was purified by paper chromatography 
according to the method of Smith and Garraway.3 Samples (1 ml) of the enzyme preparation 
were placed in the outer compartments of six Conway units. Water (O-25 ml) was added to 
three of these and N-carbamylputrescine (O-25 ml of 25 mM) to the other three. After 48 hr, 
samples (62.5 4) were withdrawn from the outer compartments of the Conway units and 
applii to chromatography paper as described under putrescine estimation (see Methods 
section). The ammonia was then determined by Nesslerixation after distillation. The 
recoveries (N-carbamylputrescine = 100%) were putrescine 94,95,97 %; ammonia 103,104, 
104%. 
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@feet of Phosphate and Potassiwtz IOHS on An~~doli~dr~)~ase Actirit> 

As it is known that phosphorolysis is involved in the enzymatic degradation of citruUine”* 7 
it was considered that phosphate might be required by N~carbamylputrescine amido- 
hydrolase. Also, since the amidohydrolase activity in potassium-deficient barley leaves w’lts 

greater than in barley grown with a normal potassium status. the possibility of inhibition of 
the enzyme by pOtiSSiUtn ions was investigated. 

After dialysing a sample of a barley leaf extrnct against distilled water, half of this extract 
was dialysed against 0.1 M tris(tris-hydroxymethylaminomethane)-hydrochloric acid buffer 
(pH 72) and the remainder was dialysed similarly against O-1 M phosphate buffer (pH 7.2). 
The activities of the two enzyme samples did not differ significantly. although the concentra- 
tion of the phosphate ion was found to differ by a factor of 1000. 

Potassium chloride ~‘as added to a sample of the tris’HC1 dialysed cutract. The amido- 
hydrolase activity of the sample uith potassium at a loi\ concentration did not differ 
significantly from the act&\ ity of the sample to which potassium M as added and in which the 
potassium concentration was increased by a factor of 6000. The sample of N-carbamyl- 
putrescine used as the substrate contained no detectable potassium or phosphate. 

DISCUSSION 

The present investigation represents the first record of the existence of N-carbamyl- 
putrescine amidohydrolase in higher plants. Like the L-arginine carboy-lyase previousi> 
characterized2 the activity of the amidohydrolase was also found to be higher in potassium- 
deficient barley leaves. These increased activities arc associated \sith higher concentrations 
of agmatine and putrescinc in the deficient plants. these substances being the products of the 
tv.o enzyme reactions. ~-~aibamy~putrescine” the intermediate in the pathway between 
agmatine and putrescine. does not occur at concentrations high cnouph for its detection by 
the methods used, in extracts of either normal or pot&urn-deficient barIcy.” The activity 
of the ~lmidohydrolase in the leaves of barley seedlings grown in the absence of nutrients ih 
also higher than the activity of those grown with a detined nutrient solution. 

In later work on the enzq mc (mvolving the freeze-drying technique) barle> seedlings \\ hich 
had been grown in tap+aarer \vere used as the source”. Gncc on ~1 fresh tjcight basis they 
possessed an amidohydrolasc activity which ~3s almost double that of the Icavoc \vhich had 
been provided with defined nutrients. 

N-Carbamylputrescinr i\ structurally the decarboxylation analogue of citrulline. Since 
it has been shown that neither Streptocwmrs jaecalisG nor extracts of mammalian hver7 
degrade citrulline to ornrthine in the absence of phosphate (or arsenate). it was of interest 
that phosphate does not appear to be essential for the activity of the N-carbamylputrescine 
amidohydrolase from barley. Potassium ions hale apparently no inhibitory etiect on the 
enzyme and it is probable that there is a greater absolute amount of the cwymc in potakum- 
deficient than in normal barley plants. Alternatively the difference in acti\iIy may be due to 
thepresenccofanenzymractitutor in thepotassium-deticientplantsorofancnzymeinhibitor 
in the normal plants, both inl~ibitor and activator being non-di~tfy~ble. 

* V. A. Krwr rr. Bioclferit. J. 58.480 (1954). 
7 H. A. KREBS. I_. V. ECX;I.FSTOX :tnd t’. A. KYIWTT. Bioclzm. J. 59. 185 r19551. 



N-Carbamylputrcsciae amidohydrolase of hiir plants 605 

Barley Material 

METHODS 

Proctor barley seed was grown, nine seeds in 10 in. glazed pots, during the third week of 
December in a glasshouse maintained at about 15”. All nutrients were supplied in one 
application, one week after sowing. Each pot, con~g approximately 15 kg washed 
silver sand, received; NH~NOJ, 4 g; (NH&IiPO~, 0.05 g; NH4HsPO4,0*77 g ; CaClz . 6H20, 
0.5 g ; MgS04.7Hz0,1.25 g; MuSOd. 4H20,0.01 g. In addition 1.76 g KsSO, was supplied 
for optimum potassium status and 0.11 g for deficiency. After 2 weeks the plants were thinned 
to three per pot, and the leaves sampled after 11 and 14 weeks. 

For experiments with barley seedlings, Proctor barley was also grown in sand culture in a 
glasshouse. The fhst leaves were harvested when they were approximately 6 cm high (2-3 
weeks in winter, l-2 weeks in summer). Unless stated otherwise nutrients were supplied at 
optimal level. For later experiments in which leaf extracts were freeze-dried, tap water alone 
was given, since the amidohydrolase activity of seedlings grown in these conditions was 
greater than in those given nutrients at optimal level. Seedlings of other species were grown 
similarly, no nutrients being supplied. 

Prepration of Extracts 

In order to investigate the properties of the enzyme concentrated extracts were prepared. 
Appro~ately 100 g of the leaves of seedlings were frozen and macerated with 200 ml of 
0.1 M Na2HP04 in a blender which was cooled with iced water. The resulting slurry was 
filtered through nylon cloth and frozen at - 15” overnight. After thawing and centrifuging 
the supernatant was cooled to 0”. Acetone (1 volume) at - 15” was added with stirring and 
the pr~ipi~te was filtered on a Buchner funnel at - 15”. ~~0~~ it was found that most of 
the activity is recovered in the precipitate formed at between 33 and 50 % (by vol.) acetone, 
fractional precipitation by acetone was not attempted and the entire precipitate was used. 
The precipitate was washed with acetone, dried and taken up in a small volume of O*l M 
phosphate buffer (pH 7.2). After dialysis against this bufIer for 48 hr at 2” and intuition, 
the preparation was ready for use. One sample of the enzyme, concentrated in this way and 
tested after storage at - 15” for 3 months was found to have lost only 30 % of its initial activity. 
Since the activity of the enzyme pr~~tion obtained by this metbod was rather variable, 
alternative procedures for concentrating the enxyme were investigated. 

Freeze-drying was found to be satisfactory for this purpose. The leaves of seedlings which 
had been grown in tap-water without added nutrients were maoerated in a cooled blender. 
The resulting extract was filtered through nylon cloth and dialysed e~~ti~ly against 
distilled water. The powder obtained after freexe-drying was extracted with O-1 M phosphate 
buffer (pH 7.2) and centrifuged. With this freeze-drying technique about 5060% of the 
activity was regularly recovered, although a larger proportion (about 70 “/,) of the total dry 
matter redissolved, and led to a co~~pon~~ loss in specific activity. Prom an extract of 
100 g fresh weight of leaves which has been concentrated by the freeze-drying method, about 
1 g soluble material was obtained, which was taken up in about 25 ml of buffer. Extracts 
prepared by this method were used to investigate the effect of temPerature, inhibition, 
specificity and stoichiometry. 

In experiments to determine the relative enzyme activities in normal and potassium- 
deficient barley leaves, the material was pm-frozen and samples (30 g) were macerated in 
60 ml of O-1 M NasHP&, centrifuged and dialysed against 0.1 M phosphate buffer (pH 7.2) 
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at 2‘ for 24 hr. The volumes of all the extracts increased by no more than 5 3, over this period. 
Samples were used to determine I -arginine carbouy-lyase and N-carbamylputrescine 
amidohydrolase. 

Quantitative Estimation of Amidolydrolase ActiGtl 

This method was based on the estimation of ammonia released from N-carbamylputrescine 
in the presence of the enzyme. Conway microdiffusion units8 were used for the enzyme 
incubation and the subsequent ammonia distillation, the ammonia being determined with 
Nessler’s reagent. 

The N-cnrbamylputrescine used as the substrate was prepared by the method of Smith and 
Garranay 3 but the chromatographic purification was omitted. The preparation therefore 
still contained some putrescine dihydrochloride (about 3 I’,,) and N,N’-dicarbamylputrescine 
(about I?“,) but neither impurity affected the amidohydrolase and neither was hydrolysed by 
the enzyme preparations. Thcsc contaminants were detected on chromatograms run in an 
ascending solvent composed of )I-butanol : ethyl methyl ketone : nq. ammonia (sp. gr. 0%) : 
water (5:3: 1: 1 : by ~01)‘) (the butanol-ketone solvent). In this solvent putrcscinc has R, 0.6. 
N-carbamylputrescine R,.0.5 and N,N’-dicarbamylputrtscinc R, O-4. Their proportions \%cre 
estimated by comparing the intensity and size of their spots bvith those of hno\\ n standards. 
using the ninhydrin reagent for putrescine. and p-dimethylaminobcnzaldehydc’HCI 

reagent I” for the N.N’-dicarbamylputrescine. 
Up to I ml of the enzyme preparation in a final volume of 1 ml at pH 7.2 (unless otherwise 

stated) was placed in the outer compartment with 0.1 ml of toluene as antiseptic (volumes 
above 0.1 ml were found to impede the diffusion of ammonia). The central compartment 
contained 2 ml ofO-01 N HCI. N-Carbamylputrrscine hydrochloride (0.25 ml of 25 mM) was 
added to the outer compartment. The units were incubated at 25 . normally for 24 hr. and 
saturated potassium carbonate (1 ml) was then added to the outer compartment. After 3 hr 
at room temperature (about 20.) the amount of ammonia was determined calorimetrically 
with Nessler’s reagent. The activity of the nmidohydrolase remained constant for 48 hr at 
35. (Fig. 2). No difference m the rate of ammonia rclcase could be dctccted on reducing the 
concentration of N-carbamylputrescine from 5 mM to I mM. 

Toluenc did not interfere in the determination but traces of acetone \verc found to give 
rise to considerable turbidity in the final mixture and it \\as thus nsccssary to dialysc acetone 
treated extracts exhaustiveI>. 

No hydrolysis of N-carbamylputrescine by the saturated potassium carbonate solution 
was detected. even after 36 hr at 20”. Ammonia formed from the extract in the absence of 
added substrate was routinely subtracted. 

Putrescine. which reacts \\ith Nessler’s reagent, was found not to distil into the acid. even 
on incubating for 36 hr at 30’ with the saturated potassium carbonate solution. 

Semi-Quaruitative Estimation of Amidohydrolase Actirit~ 

For the purpose of estimating amidohydrolase activity in preliminary experiments. a 
semi-quantitative method was employed. The leaves were frozen and 3 g extracted with 6 ml 
water in a cooled blender. After centrifuging. 0.5 ml samples were incubated with water 
(O-1 ml) or 25 mM N-carbamylputrescine (0.1 ml) under toluene. After 48 hr at 20 . SO ill was 
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removed from each incubate and chromatographed using butanol/ketone solvent. The 
~idohydro~ activity was assessed by det~m~ng the amo~t of putrescine formed, 
estimated by the intensity and size of spot after spraying with ninhydrin. 

&&nation of Putrescine for Determination of Stoichiometry 

Putrescine was separated by paper chromatography in the butanol-ketone solvent and 
after elution from the paper with O*l N NaOH was estimated using a modification of the 
method of Yemm and Cocking. I1 Duplicate estimations of the recovery of a known amount of 
putrescine dihydrochloride (50 pg) using this method gave values of 80 and 83 %. 

Phosphate and Potassium Estimation 

Total phosphate was determined by the method of Kuttner and Lichtenstein;12 potassium 
was estimated on the EEL game photome~r. 

L-Arginine Carbox~Lyase Activity 

This was estimated quantitatively by the method of Smith2 with the following modifica- 
tions. The pH was increased from 6.3 to 7.2 and the temperature reduced from 30” to 25”. 
The leaf extract (3 ml) was incubated under these conditions with O-75 ml of 25 m&l barg&ine 
under 1 ml of toluene and 1 ml samples were withdrawn after 0,2 and 4 hr. The agmatine 
was adsorbed to IRC 50 resin (H+ form), and after washing with 4 N ammonia the agmatine 
was eluted with saturated ammonium carbonate solution. The ammonium carbonate was 
removed from the eluate by boiling, and agmatine determined by a modification of the method 
of Sakaguchi.13 The amounts of agmatine produced during the initial 2 hr period were used 
in determining the arginine decarboxylase activities in these extracts. 
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