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Abstract-Sesamutn mdmm was grown m complete or potassmm deficient nutr lent solution and ammo acids, 
ammes, mtrogen and potassium were determined weekly m the leaves The mcorporatlon of L-argmme-[U-14C] 
mto protein was also followed The mterconverslons of the ammo acids of the ormthme-urea cycle, and then 
contnbution to the formatIon of ammes, were studied in cell-free extracts and intact leaves using labelled ammo 
acids As the level of potassium m the leaves decreased, the levels of the ammo acids ormthme, cltrulhne and 
argmme, and of the ammes putrescme, N-carbamylputrescme and agmatme increased Potassium deficiency also 
reduced the rate of protem synthesis Putrescme appears to be formed preferentially from citrulhne with N-carba- 
mylputrescme as Intermediate 

INTRODUCTION 

POTASSIUM deficient ( - IS) plants accumulate putrescme, N-carbamylputrescine (N-CP) and 
agmatine lW4 The formation of the diamme putrescme in vzuo is of particular interest since 
it 1s the precursor of the polyamines spermine and spermidme in anlmals,5 micro- 
organisms3 and plants4 In plants putrescine, spermme and spermidine are associated with 
normal’ and neoplastlc growth.8*’ In -K barley, putrescme is formed from agmatme via 
N-CP,4 increased argmme carboxy-lyase activity being detected under these conditions.” 
Moreover, agmatme fed to barley plants gave rise to N-CP” which in turn leads to the 
formation of putrescine through the action of N-CP amldo-hydrolase,” an enzyme which 
also shows increased activity m -K barley. In tobacco plants, putrescine can be formed 
either from ormthme or argimne.13 In sugar-cane tissue cultures N-CP-[14C] was formed 
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when argmme-[‘4C] was added to the culture medium; however its formation was 
enhanced when cells were grown m the presence of cltrullme. suggestmg the existence of 
a cltrullme carboxy-lyase ’ 4 This enzyme was subsequently demonstrated m cell-free 
extracts of S~snn~~ plants using cltrullme-[carbamy1-‘4C] as substrate ’ These exper- 
iments suggested a relationship among the ammes agmatme, N-CP and putrescme and 
the corresponding ammo acids ofthe ormthlne-urea cycle, argmlne, cltruiline and-ormtii- 
ine. In the present work the formation of these ammes from their corrcspondlng ammo 
acids has been studled rn normal and K-deficient SPXUIZUHI plants 

RE.SIJLTS AND DISCUSSION 

Figure 1 shows that the levels of argmine, citrulline and ornlthme are Increased in -K 

Se.mtmtn plants During the same period of 8 weeks. the observed decrease m K content 
IS followed by a reduction m protein level. Table 1 shows the data obtained with leabes 
of X-day-old Sesuttum plants The reason for the ammo acid accumulation durmg K-defi- 
clency could be due to the fact that this catlon acts as a cofactor m ammo ,tcid actlvatlon 
preceding protein synthesis Is l6 Figure 2 shows the mcorporatlon of argmine-[U-‘“C] 

into the leaf proteins during a 4-week period. This experiment suggests that - K plants have 
reduced protein synthesis On the other hand. a higher content of argmme m --K leabes 
could be responsible for a lower mcorporation of radloactlvity mto protcm due to isotopic 
dilution Despite the fact that m K deficiency the content of argmme mcreascd up to 1 8 
times in reiatlon to the controi(durmg the 4. weeks). the mcorporatlon 01 radioactl\lty m 
normal leaves was always higher by 6 times the level found m -K plants (Fig 2) 

* mg protem,/lOO mg total nitrogen m the leaves 
t “II of water m relation to fr ht 

Of the ammo acids of the ormthme-urea cycle, only argmme 1s known to be mcorpor- 
ated mto protein molecules The increase m the level of argmme resulting from a decrcasc 
m protem synthesis, couid~ fead~ to an increase m the levels of cltrullme and ornlthme This 
was demonstrated with “C-labelled ammo acids fed to intact leaves or on mcubatlon with 
cell-free extracts (Tables 2 and 3), and III excised leaves on absorbing non radloactIve 
ammo acids for 24 hr (~Tablc 4). In this experiment an increase m the le\cls of c~trullme 
and ornithme was observed when argmme was fed to the leaves 
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The activity of argmine desimldase,17 which converts arginine into cltrulline, was not 
measured. However, it seems that exogenous citrulline does not contribute to the forma- 
tion of ornithine (Table 4), which IS probably formed from arginine through arginase. 
Arginase activity was high in 4-day-old seedlmgs but in older leaves its activity was very 
low. However, it was not possible to establish any effect of K deficiency on argmase actl- 
vity. Although argmase 1s known to be substrate induced,18 -K leaves did not show in- 
creases m arginase actlvlty, which might have been expected m view of their higher level 
of argmme. 
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FIG 1 AMINO ACIDS AND AMINES IN Sewrwn LEAVES FROM PLANTS GROWN IN COMPLETE (+ K) AND DEFI- 
CIENT ( -K) NUTRIENT SOLUTION 

The data in Tables 2 and 3 are corrected for isotopic dilution and were obtained when 
14C-labelled ammo acids were used. These data indicate that the orrnthine-urea cycle oper- 
ates m Sesamum. Moreover, the main reactions of the cycle can be studied individually 
m our system. The ormthme-urea cycle has been demonstrated in seedlings of water melon 
(Citrullus vulgaris),’ pumpkin (Cucurb~ta n~oschatu),~~ and it probably also exists in cof- 
fee.21 The conversion of citrulline-[carbamyl-14C] into arginine was observed in barley 
and clover.22 The accumulation of argmme, cltrulline and ornithme in -K Sesarnurn leaves 
(Fig. 1) is additional evidence for the ornithine-urea cycle. Apparently K deficiency leads 
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to a lower rate of transformation of arginme mto cltrullme and of the latter mto argmme, 
and to a higher conversion of ormthme mto citrullme (Table 2). However It must be added 
that the obserpatlons were made after a 24 hr period of absorption and we do not know 
the kmetlcc of each mdlvldual reactlon. A knowledge of the compartmentation of meta- 
bolic pools would facllltate the interpretation of our data 

LSD (5% level) 

Increases m the levels of the dlammes agmatme, N-CP and putrescme were observed 
m - K leaves (Table 1 and Fig. 1). Putrescme accumulates at very high levels, which 1s m 
accordance with the sequence of Its synthesis m higher plants,” The correlation between 
the Increases m the level of amlnes (Fig 1) and the decrease m the level of K and protem 
(Table I). suggest that the Increases m the concentratton of the ammo acids through lower 
utlll;ratlon m protem synthesis (Fig 2) enhanced the level of amines m K-deficient leaves 

The results m Tables 2 and 3 show that, generally. each ammo acid makes a du-ect or 
mdn-ect contrlbutlon to the formatlon ofammes The lower values for the specific actlvltles 
m the K-d&lent treatments can be best understood when one considers the Hugh levels 
of the ammes (Table 1) The rate of transformation of the ammo acids into ammes. mamly 
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putrescme, was higher in K-deficient leaves than in the controls (Tables 2 and 3). Because 
citrulline was labelled in its carbamyl moiety no radioacttvny was detected m orrnthine 
and putrescme when crtrulline was incubated either with intact leaves or cell-free extracts. 
On the other hand, the radioactivity m agmatme and N-CP, when the system included 
ornithme-[ 14C] 1s evidence for the converston of this ammo acid mto arginine and citrul- 
line. 

TABLE 3 AMINO ACIDSANDAMINES PRODUCEDFROMEXOGENOUSAMINO ACIDS IN CELL-FREE EXTRACTSOF Sesarnum 
LEAVES* 

Products 
Argmme-[‘T] 

+K -K 

Precursor 
(pmol x 104/g fr wt/24 hr) 

Cltrullme-[‘4C] 
+K -K 

Ormthme-[ ‘%I] 
+K -K 

Argmme 34 20 80 80 l-22 I1 60 
Cltrullme 3 40 2 87 10 50 19 70 
Ormthme 641 691 
Agmatme 003 0 09 005 016 0 19 026 
N-carbamylputrescme 002 006 007 018 010 0 19 
Putrescme 042 104 033 1 83 

* +K = leaves from SeAarnum plants growmg m complete nutrient solution, -K = leaves from Sesar?jurn 
plants growmg m K-deficient nutrient solution 

It was drfficult to determine the quantitative contributron of each amino acid to the for- 
mation of putrescine, since a relatively easy interconversion takes place between them. 
However, when non-labelled precursors were fed to detached leaves one could evaluate 
their contrrbutlon (Table 4). Cltrullme was the best precursor for putrescine. When 
argmine was fed, the level of agmatme increased but no significant increase was detected 
m putrescine. This 1s m agreement with the observed low ability of agmatme to function 
as precursor of putrescme m Sesamum. On the other hand, when IV-CP was fed to the 
leaves, a significant increase m the putrescine level was observed. 

TABLE 4 AMINO ACIDSANDAMINES IN Sesamum LEAVESFROMPLANTSGROWN IN COMPLETE(+K)NUTRIENTSOLU- 

TIONINCUBATEDWlTHNON-RADIOACTIVEEXOGENOUSPRfCURSORS 

Precursor Argmme Cltrullme 

Products* 
(nmol/plant) 

Ormthme Agmatme N-CP_F Putrescme 

Argmme 4590 4090 405 1 17 5 03 356 2570 3130 @O 00 2000 1620 
Cltrullme 3 32 3 50 6450 5950 023 016 430 450 63 0 630 5070 3690 
Ormthme 2 34 2.81 1 30 092 3320 6200 200 260 00 00 1220 1020 
Agmatmej - 2510 2020 
Control 048 0 13 0 16 009 046 017 90 120 00 00 1570 1810 

* Duphcated estimates 
t N-CP = N-carbamylputrescme 
1 Used only to follow the formation of putrescme 

Ormthine or citrullme fed to the leaves led to the formation of agmatme, which could 
be the result of the transformatron of these ammo acids into arginme with its subsequent 
decarboxylation. Arginme carboxy-lyase appeared to be induced on feeding the leaves wrth 
arginme. In contrast to barley,’ ’ agmatme is not rapidly converted to N-CP in Sesmnun~. 
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Moreover, in our system (Table 4) putrescme does not seem to be formed dlrectlq from 
ornithme. 

Increases m the levels of argmme and citrullme related to K-deficiency (Fig 1). due 
either to the decrease m protem synthesis (Fig. 2) or enhancement of protein degradation, 
could by itself promote accumulation of putrescme by mass action. cvcn If the enzymes 
involved m putrescine synthesis were not activated However. our present results concern- 
ing argmine carboxy-lyase actlvlty in K-deficient Scw~mm. together w Ith the 1Bct tl~r 111 

this condition the level of cltrullme 1s increased. suggest that thcsc cnzyn~ arc lnducccl 
by the increase of their substrates. 

EXPERIMENTAL 

Pht rnatud Seeds of Sc,~/tru~l r~dftu~n L . cv Venerucla 5 I were germmated tn bdnd d t XI . u\m:g a complete 
nutrient soln 23 Seedlings (%day-old) ~\ere transplanted to traqs of s,ind and w,lteled \c~th ihlu soln Ii IId)\ 
later the seedlmgs were dlvlded m 2 groups one recelbmg a complete nutrient ,md another <I K-deliclcnt soln 
The latter hdd the followmg compasltmn (111 ml;1 M NH,H,POJ. I. M (‘a(NO,): 5 M MgSO, 2 M 
NH,NO,, 2 5, mlcronutrlents H lBO1 (2 X6 g/l), MnClz 4H,O(l Xl g,‘l) CuSO, 5HLO(OOH g I). ZnSO, 7H10 
(022 g/l), H,MoO, (0 02 g/l). I. Fe-EDTA.” I ml;1 The complete nutrient soln h,id 5 ml 1 or hl KNO, inste‘td 

of M NH,N03 All solns were aetatcd and changed weekly 
Chrn~tul, cried /&l/e& rntrfer r<rl\ Ammo actdy and ammes were pm cha\cd lrom Nutrltmn,tl Bm~hcm~c‘~i C or- 

poratlon, Cleveland, U S A. with the csceptlon 01 .‘V-carb;lmylputre~cInc (W-C P) L\ hlch N.I\ synthc:\l& 111 our 
laboratory ” L-drglnIne-[guanIdlne-‘4C] (12 8 mCl,mmol). I -,lrginlne-[l;-‘J(‘] (22 m( 1 mrnd) I -~xlllthlll~-[ ?- 

‘“Cl (12 3 mCI/mmol) were obtalned from CalatomIc, C,dlformn U S A and I.-cltrullme-Lcdl b,~myl-‘~(‘] (29 2 
mCl/mmol) wds purchased lrom The RddlochemlLal C entrc Amer&am. England .lll the I.ihcllcd chcnucal~ :\<rc 
purrtied by PC 

T~nr YOU, te USSUI Leaves from seedlmgs and plants were h‘trvested wecklj durmg S wecl\\ and e\trdcted ’ 
K was determmed on the dl y matter by flame photometry followmg nltro-pcrchlorlc ,Icrd digc5tion Proten, uds 
extracted from the leaves with 0 I M NaOH (IO ml/g fi wt) I~) grmdmg in Cl mortar Following cent&gallon 
at 5600 q for 10 mln, the protem was preclpltated with 2O”,, TCA taken up ,n 0 I M U‘iOH dnd dctermmcd 
by Loary’s method ” The amino acids dnd Ammes were determmed m the ftOH-soluhlc Itdctlon ohtncnrd by 
extractmg the leaves with hot 80’:;, EtOH Alter centrtfugatlon (5hOOq for 5 mini the ptgtncnt\ weir removed 
by extractlon wtth CCI, The EtOH extract< were concentrated .kt 60 . treat& u 1111 Amhcrllte IR< -50 (H + I 111 
50 ml conical flasks and shaken with 3 x 10 ml portions of 4 M NH,OH (3Om1~ caihl The rcmammg robin 
was washed with 10 ml portmns ofa satd \oln of (NH,)2C0,, n)hlLh clutes ,igm,ltmc .~nd \omc of the putre~cmc 
The mdterlal eluted by NH,OH wds ecaporated taken up m HZ0 ,~nd FraLtlonated on IDo\beu il)-\V X-x (Hi ) 
resin (5 x I cm column) The amino acid\ were eluted ulth 30 ml of 2 M NH,OH \:-<‘I’ and the rcm,lmmg 
putrescme was eluted wtth satd (NH,)?CO, All frnctlonc here cvapol,~tcd to drbne\\. .I! 60 under d itrc.lm 
of air, and taken up m lo’:,, lsoPrH0 plus 005 M HCI The ,Immo dclds WCI-e srp,lrdtcd 1~1 ~tscenti~ng PC 1)~ 
double development m n-BuOH--PhOH-HOAc H,O (2 2 1 I) The amlncs ~CIC ‘~150 >cpLirLtted h! ,~\ccndlng 
PC by triple development m II-BuOH MeEt(‘0 NH,OH Hz0 (5 3 1 I) “’ Attu \pl,i>!~g2;~lth I ‘,, nlqh\drin 
m EtOH, cltrullme, I”r’-CP, putre\cmc ornlthme. drglnme and agmttluc WIG detsrmlned The radlo,litl\lt\ 
of the ammo acids ,Ind amme wa> mr,l~ucd 1~~ clutlng corrccpondmg ~~gl~)n\ 01 a frond unsl~‘~jcd ihrom,lto- 
gram and countmg with PPO and POPOP m tolucr&” ‘IS tcmtlli,ltlon soln 

Forrrtatm ofaw~~ from IMP u,,,,,,t, tic /ii\ iiituc t /dmt CI\\U\ The I oats oi 3S-d.t>-old .Se\ri~n~i,l plants acne 
excised and the stems placed m 2 ml of iadroactlve amino dc~d (5 /~c‘li \otn A l,ln \\<I\ used to promote t~,tn\p- 
ratlon After the complete .tbsorpllon 01 the soln (ccl I hi lor normal pl‘lnts, dnd 2 hr lor K-defiLlent plrlnt\) 
the plants were transfered to the greenhouse (U 25 ) .md allowed to dbbol b H,O tor 11 ht The Icaves of pILint, 
of both treatments, which cIcre not tctl with ladmactlvc amino actd\ Mele ,rn~rl\~i for dr\ m,tttrr. p~otcm. K 
and total N (rmcro KJeldahl) 

Cell-frer u,)(1) Leaves (3%day-old plants) from both treatments wcrc weighed. w,+\hed with HZ0 ,md ground 
with sand in 8 mortar. usmg cold Hz0 (2 ml’g fl wt) The homogenates were centl~lugcd at I2 5OOq IOI IOm~n 
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10 ml of the supernatant were Incubated with 5 &I of each of the ammo acids, separately, with 1 ml toluene 
to repress bacterial actlvlty Followmg the absorption period of 24 hr, at 30”, the material was extracted for ammo 
acids and ammes, as before 

Incorporatm ofargmnr WI protan Petioles of excised leaves (38-day-old plants) were allowed to absorb 2 ~CI 
(1 ml) of I.-argmme-[U-“VZ], from a test tube, near a fan This was done weekly up to the 4th week after the 
start of the treatment The kmetlcs of argmme absorption was followed from 30 mm up to 2 hr. After the absorp- 
tlon period, the leaves were allowed to absorb H,O m the greenhouse. during 24 hr At the end of that period, 
protein and argmme content were determined m the leaves 

Actrcrt~ ofarylnase (L-arglnrne arnld[no-hydrolasr, E C 3 5 3 1) Argmase measurements were performed m the 
leabes of 38-day-old normal and K-deficient plants, and m the cotyledons of 4-day-old seedlmgs of both treat- 
ments The extractlon was done usmg 0 05 M malelc acid-MnSO, buffer,3’ pH 7.5 (1 ml/g fr wt), and sand and 
the ppt (125OOy. 10 mm) of &40% saturated (NH&SO., was taken up m maleate buffer (1 ml/5 ml of crude 
preparation) The temp was 2-4” ProtemZS was estimated and argmase actlvlty measured by a radiometric 
method l2 The enzyme preparation (1 ml) was incubated with 0 4 M argmme, pH 9.5, plus 0 2 &I I.-argmme- 
[guanidme-14C] (1 ml) m Katz flask for 1 hr at 37” Following addltlon of NaNOz (to decompose urea) and HCl, 
the evolved CO2 was absorbed by a glass fibre disc (Whatman GFC) molstened with 50 ~1 hyamme hydroxide 
m the centre well of the flask The quantity of CO, absorbed was determmed mtroducmg the disc in a scmtlllation 
vial contammg 10 ml of Bray’s scmtlllatlon soln 33 A blank was made usmg HCl-denatured enzyme 

The formation of crvu~ws from exogenous precursor Petloles of excised leaves of normal K status 30-day-old 
plants were allowed to absorb 2 ml of a 50 mM soln of argmme, citrullme, agmatme and putrescme, separately 
24 hr later, the leaves were extracted Ammes were determmed as described above, and ammo acids with an 
ammo dcld autoanalyser Argmme cdrboxy-iyase (E C 4 1 1 19) actlvlty was determmed in the leaves fed with 
argmme The leaves were ground m a mortar with 50 mM Na*HPO, (2 ml/g fr wt), and the extract centrifuged 
at 12500 y for IO mm The supernatant was dlalysed agamsl 0 1 M phosphate buffer, pH 6 3 for 20 hr The temp 
was 2-3 The enzyme activity was measured by the method of Smith “’ 
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