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Abstract-~ The putrcscinc which forms a part of nicotine and other pyrrolidinc alkaloids 1s generally assumed IO arise 
through the action of ornithinc dccarboxylase (ODC). However, we have previously noted that changes in the activity of 
arginine decarboxyhtsc (ALX), an alternate source of putrc&tc. paralkl changes in tissue alkaloids. while changes in 
ODC acttvity do not. This led us to undertake experiments to permit discrimination bctwan ADC and ODC as 
enzymatic sources of putrescine destined for alkaloids. Two kinds of evidence presented here support a major role for 
ADC in the generation of pu~rcscinc going into alkaloids: (a) A spazi6c’suicidc inhibitor’ of ADC effectively inhibits the 
biosynthesis of nicotine and nomicotinc in tobacco callus, while the analogous inhibitor of ODC is less effective. and (b) 
the Bow of “C from uniformly lab&d argininc into nicotine is much more efTkicnt than that from omithinc. 

tMPODUCTlON 

Considerable evidence indicates that polyamina (PAS) 
and their biosynthetic enzyates arginine dccarboxylasc, 
ADC (EC 4.1.1.19) and omithinc dazarboxylasc ODC 
(EC 4.1.1.17) may regulate sow aspects of plant develop- 
wnt, sencsccnce, and response to stress [ 1.21. PAS may 
also be mctabolizcd into a variety of secondary plant 
products [2]. through largely unclu&dated pathways. 
Thus, putrcscinc, formed in the plant via ADC and/or 
ODC (see Fig. I), is not only the precursor of the major 
PAS spermidine and sperm&, but also of parts of such 
important secondary wtabobtcs as alkaloida -I-he pyr- 
rolidine rings of tobacco alkaloids (nicotine, nornicotine), 
tropanc alkaloids (byoqaminq hyoscinc, mctebid.inc), 
pyrrolizidinc alkaloids (retronccine), Eritkoxylum coca 
alkaloids (hygrinc, cuscohygrine), and probbly pbm- 
anthroindolizidinca (tylopborinc) are putracine derivat- 
ives [3,4]. Putrucinc, spcrmidinc, homoqcrmidinc and 
spcrminc can also conjugate with cinnamk acids or fatty 
acids [5.6]. and in some cases the conjugatea are trans- 
formed into more compkx alkaloids [7]. 

We have reported [8] that in tobacco callus grown on 
high auxin. suboptimal for alkaloid formation, putrc&tu 
and spcrmidine conjugates are the main putrcacinc de- 
rivatives, while in callus grown on or transferred to low 
auxin. optimal for alkaloid formation, nornicotine and 
nicotine are the main putrcscine derivatives. The results 
sug,gcs1ai that bound putrescinc could act as a pool for 
alkaloid formation. In addition, we found that changes in 
ADC but not ODC activity corrcspondod with altered 
alkaloid levels [8]. This was surprising. since ODC 
activity has long been invoked to explain the bioayntbesis 
of nicotine [9] and related alkaloids. and in fq pyr- 
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rolidinc alkaloids are usually cla~ilicd as omithine- 
derived compounds [3]. To help decide bctwan the ADC 
and ODC pathways, we have used two recently devclopod 
spccifk, enzyme-activated, irreversible inhibitors of AMI. 
(DL-odi8uoromthybrginine; DFMA) [IO] and ODC 
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Fig. I. !khcmark pathway for bksynfbesu of PA and 
putrucinedcrived alkaloids. Note what only some enzymes arc 
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(oL-adi!Iuoromethylomithinc; DFMO) [Ill. We have 

also employal a mersibk inhibitor of ADC, o-arginine 
(D-ArgA and have supplied the callus with the radio&b& 
kd 

P 
raxsors of putrescine, L-[U-‘4C]argininc and L- 

[U- ‘C]omithine. to gain additional cvidena on paths of 
carbon flow. 

RESULTS AND DlSCU!?SlDN 

Two different strains of tobacco callus were used in this 
study. One (NTW-38), derived from Nico~iunu r&ocw 
‘Wisconsin-38’. contains nornicotine as the major alkaloid 
[12], and a second (NTB21). derived from N. (&rum 
‘Burley-21’ plants. has nicotine as the main alkaloid. 
Table I and Fig. 2 compare the growth of the NTW-38 

strain callus in the absence (control) and prcscna of 
inhibitors. Addition to the medium of 0.1 3 mM DFMA 
promokd growth as compnrai with the control, whik 
DFMO at similar conantrations inhibited cpllus growth 
(see also Tabk 1) and at 10 mM was severely toxic. A 
combinationofthctwoinhibitorsat 1-3 mM (Fig Z),aLso 
produced inhibition of callus growth, apparently due to a 
predominant action of DFMO. As with DFMA. addition 
to the medium of 10 mM D-Arg also promoted the growth 
of NTW-38 strain callus (Tabk 1). 

While these observations suggest that the ODC path- 
way is important for cell division and growth, the effects of 
the inhibitors on alkaloid biosynthesis show that ADC is 
more important in synthesis of pyrrobdine aIkaloids. In 
the NT521 callus strain, addition to thc’mcdium of 0.1 

Tabk I. EtTaa of the InhIbIton on fresh wnghI and alkalod levels m iobuxo allus 

TX.almCIll 

NTW-38 callus Strom 

NomicoIInc 

Fresh wcighr (Irmollg dry 

(8) WeighI) 

NT521 callus swam 
-.- .._ 

NiCXliIK 

Fresh woght tim&s dry 

(s) waghI) 

Control 2.2&0.(# (loo) 85&S (100) 1.3*0.09 (loo) 288* II (100) 
DFMO (0.1 mM) 1.5 &0.04 (69).. 67 f 9 (79) I.1 f0.04 (85) I99 f 32 (69) 

DFMO (I mM) 1.4kO.14 (62). 79 f I4 (93) 0.9 f 0.09 (69) 167 f 25 (SE)* 

DFMO (IO mM) 0.3kO.08 (I2Y N.T. N.T. N.T. 

DFMA (0.1 mM) 2.5kO.07 (114) N.T. 14*0.03 (108) 173fll (60). 

DFMA (I mM) 3. I f 0.07 (I 37).. N.T. 1.5*0.21 (IIS) 97 f 6 (33)- 

o&g (0.1 mM) N.T. N.T. 1.3f0.10 (99) I75 *4 (61). 

D-Arg (I mM) 2.4 f 0 04 ( 107) SO*6 (59)’ I.3 f 0.25 (104) 93 f 7 (32)” 

o_Arg (IO m&M) 2.6kO.04 (116). 44 *4 (52)’ N.T. N.T. 

Numbers represent mans f s.e.m. of aI least three rcpliatcs. Figures in pucn~hcsc~ indicate per ant r&live 

IO control Significantly dilTerenI from conlrol at the 5 ‘/. (.) or 13. (.a) levels. N.T. = noI tested. 

l-Ig. 2. Elkcr of Ihe InhIbIrors alone or In comhmaIIon on growrh of Ihc NTW-38 callus siram. 
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and l.OmM DFMA resulted in calli with respectively, 
40 % and 60% less nicotine than the control (Tahk 1) In 
contrast, 0.1 and 1.0 mM DFMO produced no sign&cant 
raluction of alkaloid kvels in the m-38 callus strain; 
DFMO was also less effective than DFMA in raducing 
nicotine kvcls in tbc NTB-21 callus strain. As with 
DFMA,addition to thcmcdiumofO.l-10 mM D-Arg was 
more effective than DFMO in depressing nicotine and 
nornicotine levels in the two callus strains (Tabk 1). 

To elucidate further tbc preferential participation of 
ADC in the biosynthesis of pyrrolidinc tobacu, alkaloids, 
NTE21 calli were fed with “C-labellad precursors of 
putrcscinc. After 6 hr of incubation the calli incorporated 
15 and 17 % rcspactivcly of the initial cpm fed as “C- 
arginine and “Csmithinc. showing therefore similar 
uptake of the label from the two compounds. However, 
callus fal with “C-argininc incorporated more of this 
label into nicotine than callus fed with **C-ornithinc. As 
indicated in Tabk 2, the incorporation ratio for “C- 
arginine was about 3-fold higher than for “C-omithine 
and the callus accumulated more nicotine than callus fed 
with “C-omithinc. 

Interconversions between argininc and omithine arc 
illustrated in Fig. I. In tissues with high arginasc activity, 
arginine could be converted into omithine and DFMA 
into DFMO. as recently ohserved [R. D. !&cum, un- 
published]. To test this possibility, the arginase levels of 
the NTB-21 callus strain were anaIM. Neither dc- 
tabk arginasc activity nor interference with added 
bovine liver arginasc activity were found in calli. 

From the above results, we conclude that in tobacco 
callus, ODC is important for growth, whik ADC appears 
to be involved in furnishing putrcscine for pyrrolidine 
alkaloid biosynthais (see Fig 1, pathway I). This is in 
agreement with the view [2] that there appears to be a 
dilTercnt compartmcntation of the two biosynthetic en- 
zymes for putrescinc in higher plants. ODC appears to be 
mainly locatal in the nucki and thus may regulate cell 
division in actively growing tissues, whik ADC appears IO 
be located in the cytosol, probably regulating cell exten- 
sion and secondary processes [R. D. Slocum, 
unpublished]. 

The hypothesis that ODC is tbc main enzyme mvolvcd 
in nicotine biosynthesis is based on equivocal decapitation 
experiments with tobacco [9. 133. Following decapitation 
of the stems, both ODC activity and nicotine kvcls 
increased in the roots and these effects were attributed to a 
decrease of auxin levels in the roots [9]. However, in the 
roots of nondaapitatal plants. ADC was 45fold higher 
than ODC activity [ 131, and the roots of these plants also 

produced alkaloids. Thus, the primary rok of ODC in 
nicotine biosynthesis remains qucstionab+c, s* effects 
other than decTcascd auxin levels in the roots can result 
from decapitation of the plant. Yoshida [14,15] dc- 
morutratal that putrcscinc can be formal from either 
argin& and omithint in tobscco, and that tobeoco roots 
fod with radiolabclkd argininc readily incorporated it into 
nicotine [16]. However, from these cxperimtnts, the 
authors could not conclude which of the two pathways 
pradominata. Our otitions that: (i) spcci6c inhibi- 
tors of ADC are more dfcctive than an inhibitor of ODC 
In inhibiting alkaloid formation; and (ii) label from 
arginine is more efficiently incorporatal into nicotine 
than label from omithinc suggest that ADC, not ODC, IS 
the most important enzyme in the biosynthesis of 
putrcscincderivad tobacco alkaloids. 

Phu nuucrial. Nicotiuna daum L cv. ‘Wisconun-38’ and 
Nicocitzw a&x-m L cv.‘&rky-2l’phnlr were grown in plaslic 

po1sconLainingvcml&ircsuk~ted twiadaily witha 1.2 g/l 

soIn of Hyponcx [8] and main- in a controlkd growth room 
undasl6hrLigt/8brdu(rpbotopaiod(9:l~mixturcof 
auoraanc and iWW&aXnt hgbl at I.% Wm - ‘) at 24”. 

Callw cm&wc and odlilioa oj i&birors. Explantx were ob 

tunad from -1s grown to the 17-20 kaf stage LI pre%usly 

&a&bed [8. 121. Callus was grown on a modidsd 

Muruhq&&oog [ 171 mediumcontaming 113 pM NM, I pM 

k&tin and organic acids at 25” in Ihe dark [ 121. After 4 waka. 

the alli were transfer& to a medium like dcsaibal above+ but 

containing 1.S pM NM (optimal for tied forumlion) [ 121 in 

the abacna (control) or presence of different cocm of inlbi~olr. 

Smpks for growth measuremcn~s and alkakGd analysis were 

harves1e.d at the sixth week of allus grown on rhe Lower kvd of 

NAA. 

A&&id Molyw. Alkaloids were deterrmned wrordmg 10 

ref. [ I8 1. Sampks dotd IO consun~ weight a~ 60” for 24 hr were 

extr~tai with 20 vob of 25 mM K-Pi butTa (pH 7.8) aI w for 

24 hr with constant agltatlon. Alkaloti in the fresh tasue were 

cx~r~tal with 2 ml of 407, (v/v) MeOH conlrunmg 0.1 ‘/. (v/v) 

HCl pnd then ccnrrifugal at 500 g for 5 min. Both cx~racts were 

filkral throug.h Whatman No. 2 hlter papcl and a 0.45~ 

M~lbpore filter. dilutal wlrh H,O. and mjazted U)IO the HPLC 

system as a 20 4 ahquot. HPLC analysis was Miad OUI with a 

programabk Alter-Reckman model 322 liquid chromatograph. 

using a 4.6 x 250 mm 5 m partrk reverse-pluse (C,,) column 

(Ahu-oct&cqlsalan) and dutal with an ~socmtic mc&& phase 

of 40?, (v/v) MeOH contaming 0.27, phosphoric acid butTered 

10 pH 7.5 with tnethykrmne. at a flow rate of I mllmin at 254 nm 

Tabk 2. Inccqorat~n of IRK radiolabelkd precursors of putracme 

inlo nicoime In the NT&21 callus 51ram 

Precursor 

Nrocmc 

Incorporation dpmirmol (Irmolig 
ratlot nrotlne fresh weight) 

L-[ U-“C]Argmine 1.4 3900*4uT 7. I * 0.9 

L-[U-“C]Om~thmc 0.5 1920* I40 4.6 + 0.8 

Numbers represent awam f 5.c.m of three rcplicata. 

l S~gn&anrly different at the 5 O. kvel. 

tRat10 In percentage OlspozSc radmctinry of the nkotme lo rhal of 

precunor fed. 
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A&&ids were qumifiecl with a 3370 A Hewkrt-Packard 
imcgntor using ti~inc (K&K Lb) and norniw~inc (Roth) as 
standards 

A&dniuraIim o/ rh radiolobcllrd $rccswscrJ 4 pu1relcinr 10 
Ik col/usmd iso&tbn o/nfcorffu. NTB-21 alli grown for 2 weeks 
on a low NM level (I.S~M) were aseptically transfcrrcd into 
Ptrridbha(100x~~)wiIh6mlofuaikH1000ntnirungl 
Ki of t.+J-‘*C&g (288 mCi/mmol; ICN) or I.-[U-“C]Orn 
(266 mCi/mmol; NEN’). After 6 hr of incu~tton in rhc dark at 
30”. erb callus was rinred acvcrai rimes with H,O in a shaker. 
dried on a filter paper and weighed. Alkaloids in the frwb muc 
were extracted ad uulyxxl by HPLC as derribcd above. From 
Ihc chromarographic cluatc ahquots co&ing 10 n&otInc 
peaks were taken and dusolval in 4ml Aquasol (NEN) for 
measuring radiorcliviry in a Bcoktnan IS 7ooO scintillaIion 
counter. Aliquots from the 4. medium were also measured for 
radioactivity 11 the star1 and end of the incubation period IO 
cvaluarc the uptake by the callus of the IWO radiolabdkd 
compounds. 

Dmrmfnarion cj a+wsc acrivrty. Arginase r~~vicy was dc- 
~crminal according IO ref. [ 191 with few moditlations NTB2l 
aRi(3g)wcrcgroundin3ml0.1MTris-HClbulTcr@H7.0) 
with 0.5 % polyvinyl pyrrolidonc, puriftcd as described clscwbcre 
[S]. in chilled mortars TM extrxt wasantrifugod 11 I5 000 g for 
2Omin and the supcmatan1 frwction was used as the enzyme 
soura. Tbc reaction mixture contained 33 mM I-Arg (pH 9.63; 
0.3mo4 MnCI,; &zinc-NaOH buffer (pH 9.6); and enzyme 
pmpuation in a IoUl volume of l.5ml. The mixture was 

incubetal II 37“ for 60 min. Tbc reaction was sroppcd by adding 
I ml 10% (w/v) TCA and the ptotan was removed by antnfug- 
ation. A WI&IC aliquot of the supcrnatard fmxion YOI used for 
ura csIiomtion as dacribod in ref. [19]. Urea standards were 
incubotcd with ach set of assays To cvaluarc posribk inler- 

ference, CIIMS of known amounts of bovine liver argina~ 
(Sigma) were also added and the mixlure analyscd for ctuzyrnc 
acIinty. 

Ac&nowic&aunts-Wcarc grateful IO R. Kour-Sawhncyand M. 
A. Ma&u for suggestions and help. 
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