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Abstract-Qumolmlc acid-6-14C feeding experiments were performed usmg R~ctnus cornmums L plants to deter- 
mme the et&t of selected mfnbltors on the mcorporatlon ofthls precursor into the afkafold, rlcmme, and mto 
the pyrldme nucfeotlde cycle intermediates Admunstratlon ofazaserme and azafeucme resufted m a decrease 
m the mcorporatlon mto rmmme and an increase m the radloactlvlty remammg m qumofmic acid 
Admmlstratlon ofexcess rlcmme and etfnonme yleIded slmuar results Ffns mutuaI mfnbmon mdmated an mter- 
dependency between the conversion ofqumohnlc acid to rlcmme and to the pyrldme nucfeotide cycfe mterme- 
dlates 

INTRODUCTION 

THE BIOSYNTHESIS of rrcinine in Ricinus communes L. has been studied by a number of 
research groups.‘-9 In previous studies, quinolinic acid has been shown to be an efficient 
precursor of ricinine and of nicotinic acid mononucleotide in plants.3,‘0-‘3 In 1956 Leete 
and Lenz suggested that ricmine might be formed from NAD+ or related substituted pyri- 
dine compounds.2 The previous evidence provided the basis for the formulation, by Waller 
et aL9 of the pyridme nucleotide cycle. In this formulation, the initial metabolite, quino- 
linic acid (QA) is converted to mcotmic acid mononucleotide by quinolmate phosphoribo- 
syltransferase (decarboxylatmg); nicotinic acid mononucleotide (NaMN) is then converted 
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to mcotimc acid adenme dmucleotlde (desNAD+) by mcotmate mononucleotlde adenyl- 
transferase (E.C 2 7 7a); mcotmlc acid adenme dmucleotlde IS then converted to NAD+ 

by NAD’ synthetase (E C 6.3 5. I), NAD’ can then be converted to mcotmamide (NaM) 
by NADi gIycohyclroIase (E C 3.2.2.5); mcotmamide IS converted to mcotmlc acid (Na) 
by mcotinamlde deamldase and mcotmlc acid 1s converted to NaMN by mcotinate phos- 
phorlbosyltransferase (E C 2.4.2.1 I) Recent results have indicated that the precursors of 
qumolmlc acid are dlhydroxyacetone phosphate and aspartlc acid rather than glyceralde- 
hyde-3-phosphate and aspartlc acid I4 

Several studies have been conducted which indicated that the pyridme nucleotlde cycle 
1s a necessary intermediate m the blosynthesls ofrlcmme m the castor plant from qulno- 
lmlc acid ’ 3.9 Hiles and Bverrum. however, have suggested that the blosq nt hesls of rlcmlne 
from qumolmlc acid occurs by a separate pathway. independent of the cycle.’ ’ This con- 
clusion was based on evidence showing an increase m lncorporatlon of label Into rlcmtne 
from labeled qumolmlc acid In the presence of excess exogenous NAD.~ Howebcr, this 
conclusion is valid only ifone assumes NAD* IS an obhgatory intermediate III the biosyn- 
thesis of rlcmme and that exogenous NAD+ can be transported across the cellular mem- 

brane intact. Recent work by Neglshl and Ichlyama lh has shown that NAD admmlstered 
intravenously to the rat was extremely short hved (907, destroyed m 20 set). LJersch c’t 
al.’ i have also presented evidence against such a membrane passage m perfused rat liver. 
Another explanation of these results 1s that ricmlne was blosynthesized from an Jnterme- 
dlate before NAD+ m the cycle, such as NaMN or desNAD+. However. the labeling cx- 
perlments of Waller and Henderson indicated that the amide nitrogen of mcotinamlde \fas 
mcorporated mto the mtrlle group dlrectly.4 If ricmine were to arise from NaMN or des- 
NAD’, then a direct mcorporatlon of the amide mtrogen of mcotmamlde mto ricmme 
would not be expected, but rather an incorporation from a mtrogen pool such as ammoma 
or glutamate Such seemingly conflicting results have left the relationship of the p\irJdinc 
nucleotide cycle to ricmme biosynthesis unsolved. 

Several compounds have been found to inhibit the pyrldme nucleotlde cycle at various 
pomts Alazopeptin. [L-alanyl-(6-dJazo-5-oxo)-L-norleucyl-(6-dJazo-_i-oxo)-L-norleucine] 

and 6-diazo-5-oxo-norleucme, two potent glutamme antagomsts. and azaserme. a less 
potent glutamme antagonist, have been shown to mhlblt the pqrldme nucleotide cycle 111 

ammals.‘*~ ‘” Two other aza-compounds. azaleucme and azauracil. were also consIdered 
as possible mhibitors 

Azaserme has been shown to be a glutamme antagomst’” and has been shown by several 
other workers to inhibit the NAD’ synthetase reaction m which nlcotlmc acid adenme 
dmucleotlde JS converted to NAD~’ with glutamine or ammonia as the nitrogen donor m 
liver’” ‘I 2’ as well as m brain ” Addition of excess nicotinamlde before addlng a;laserme 



Pyrldme nucleotlde cycle-rlcmme biosynthesis 1495 

or 6-diazo-Soxo-norleucine seemed to counteract this inhibition;23 however, addition of 
glutamine after addition of azaserme or 6-diazo-5-oxo-norleucme did not counteract this 
mhibition. This was probably a result of irreversible inhibition by azaserine and 6-diazo-5- 
oxo-norleucme. Azaserme has been shown to be forty times less effective as a glutamme 
antagonist than 6-diazo-5-oxo-norleucine. I8 This might explain the lack of any significant 
accumulation of mcotimc acid adenme dinucleotide in the presence of azaserine, yet a 
definite accumulation was noted m the presence of 6-diazo-5-oxo-norleucine in mouse 
liver and mouse tumor cells.26 Another explanation for this result could be that in mouse 
liver an enzyme was present which destroyed azaserine but not 6-diazo-5-oxo-norleu- 
cine.20,27 6-Diazo-5-oxo-norleucme also inhibited the reaction of phosphoribosyl pyro- 
phosphate plus glutamine yielding glutamate plus 5-phosphoribosyl amine, which was 
catalyzed by phosphoribosyl pyrophosphate amido-transferase (E.C 2.4.2.14),28 6-Diazo- 
5-oxo-norleucme probably acted as a glutamme antagonist m this case also. 

Alazopeptin has also been shown to cause inhibition of NAD+ synthesis in mouse liver 
and mouse tumor cells.26 It was shown to be as potent an mhibitor as 6-diazo-5-oxo-nor- 
leucme, and since its structure is similar to that of 6-diazo-5-oxo-norleucine it probably 
inhibited at the NAD+ synthetase reaction as does 6-diazo-5-oxo-norleucine. 

The similarity of all these structures lends support to the postulation that each acts as 
a glutamine antagonist. * ’ .28*29 4-Azaleucine, an ammo acid found m cultures of Strepto- 

rnyces neocaliberu, has a structure similar to that of glutamine, 6-diazo-5-oxo-norleucine 
and azaserme.28’30 Ricminic acid, or 0-demethyl ricmine, was shown to inhibit the conver- 
sion of nicotinic acid to ricinine.31 

The experiments described herem were designed to clarify the relationship of the pyri- 
dme nucleotide cycle to ricmine biosynthesis by inhibiting the pyridine nucleotide cycle 
with specific inhibitors and observing the effects on ricinme biosynthesis, then inhibiting 
ricinine biosynthesis and observing the effects on the biosynthesis of the pyridine nucleo- 
tide cycle intermediates. 

RESULTS AND DISCUSSION 

In order to investigate the biosynthesis of ricinine and of the pyridine nucleotide cycle 
intermediates, experiments were undertaken in which labeled quinolinic acid was injected 
into castor bean plants previously injected with compounds known or suspected to be pyr- 
idme nucleotide cycle inhibitors. These compounds were alazopeptin, azaserine and aza- 
leucine. Excess ricmine and ethionine were also administered in an attempt to inhibit the 
biosynthesis of ricinme in its later stages and to observe any effects on the incorporation 
of radioactivity into the pyridme nucleotide cycle intermediates. In preliminary exper- 
iments, alazopeptin was found to be at least as effective an inhibitor as azaserine, how- 
ever, further study was impossible because of the hmited quantity of alazopeptin available. 

In experiment 1, the concentration of the inhibitors was 45 mg/lOO g fresh weight. Tripli- 
cate control, azaserme-treated and azaleucme-treated plants were allowed to metabolize 
26 BARCLAY. R K and PHILLIPS, M A (1966) Cancer Res 26,282 
i-T REILLY, ff c' [iY.%) cffr,4 Found&on S’)‘mposzum on A~mzno kldb and~qeptldts With hItMIeCabdIC .kXILXCy, 

pp 62-74, Little, Brown & Co, Boston. 
28 SMITH S S, BAYLISS, N L and MCCORD, T J (1963) Arch Blochem Elophys 102 (2), 313 
” PATTERSON E L JOHNSON, B L, DEVOE, S E and BOHONOS, N (1965) Antlmicrobtal Agenfs and Chemo- 

therapy, pp’ i15-;18. 
3o .AXQJJQDELIS, H D, H&B~_ P B r M&os_ D 1, PYKF, T R. and ZII.QF?J+ 1 F (.L967). Bmchemxhy 6 (1);. 165. 
31 NOWACKI E and WALLER, G R (1971) Ahh. Deutch Acad WISS, Be&n 4th Internatzonales Symposmm Btochr- 
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qumolimc acid-6-‘“C (QA-6- 14C) for an 11 hr period before analysis. In experiment 2, trip- 
hcate plants were treated with QA-6-14C (1 &l/plant) only, with QA-6-“C plus azaserine 
(75 mg/lOO g) or with QA-6-14C plus azaleucme (75 mg/lOO g) and allowed to metabolize 
for 20 hr In experiment 3, duphcate plants were injected with QA-6-14C, with QA-6-14C 
plus rlcinme (1 mg/g) or with QA-6-“C plus ethlomne (40 mg/lOO g) and allowed to meta- 
bolize for 20 hr. Table 1 shows the effects of these mhlbltors on the mcorporatlon of QA-6- 
14C mto ricinme 

Experiments 

InhIbItor Runme 
cone Duration Cone Incorp * sp act Isotope 

(mg/ IO0 g! ) WI (mmolesi 100 gli ) C”,,) (m&l,,/~mole) dllutlon’ 

Experiment It 
Control 
Azaserme 
Azaleucmc 

Experiment 2f 
Control 
Araserme 
Araleuclne 

Experiment .3$ 
Control 
Rlcmme 
Ethlonme 

I I 
45 II 
45 II 

_~ 20 
75 20 
75 20 

20 
100 20 
40 20 

26 
26 
26 

25 
25 
24 

34 
54 
31 

I71 
0 x2 
0 44 

4 26 
0 56 
0 96 

25000 
53200 

100000 

15800 
26900 

I i2000 

* Une jcci ofqumohmc acid.-6-“C(sp act 45 ?/tCij~lmoie) was admmlstercd as d precursor 
t Flowermg plants 1 l--l3 weeks old were used 
$ Non-flowermg plants 8 weeks old were used 
Q Non-l-lowermg plants 6 weeks old were used 
11 Fresh plant weight 
c Ttic rat10 0l”tiie Fpeclfic actibltj o~qumoimic acid-h-“‘C to the sp act ol”runme 

In these experiments, although the amount of rlcmme remained essentially unchanged, 
inhibitors ai%cteci the mcorporation ofradioactIvity mto ricinine, moderately fhr azaserme 
and markedly for azaleucmc. In experiment 1, azaserme did not seem to slgmficantly 
change the incorporation ofradloactlvlty mto rlcmme compared to the control but m ex- 
perlment 2, with the level of azaserme increased by 75 mg/lOO g. the reduction m lncorpor- 
atlon was nearly 2-fold (Table I). In experiment 1. azaleucme caused a four-fold reduction 
ofmcorporation ofradloactlvlty mto ricmme, while m experiment 2, the reduction was 
seven-fold These results indicated a sharp decrease m the blosynthcsls of rlcmme from 

QA 

Dowex 1 x 8 formate column chromatography was used to separate the pyrldme nuc- 
leotlde cycle mtermedlates ” 3’ 33 Several components were identified mcludmg ,V-methyl 
nicotmlc acid and N-methyl mcotmamlde, which eluted from the column as one peak, 
nlcotmamlde, NAD+. mcotmlc acid, desNAD’ and QA However, except for desNAD’ 

most of the components were present m small quantities and contamcd such IOR levels 
of radIoactIvIty that mhlbltor effects could not bc conclusively dctermmed 

” Prl~ko, J and SI~WAKT, H B (1967) (‘~1 J fhchcm 45, 179 
” RIRIF. I J dnd SUITS. K I (1969) RMU/IVUI .I 115, 679 
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Table 2 shows the effects of the inhibitors on the incorporation of radioactivity into des- 
NAD+ from QA-6-i4C. In experiments 1 and 2, azaserine caused a three-fold increase in 
radioactivity found in desNAD+, while a two to three-fold increase in the radioactivity 
remaining m QA was observed. These data indicate an inhibition of the pyridine nucleo- 
tide (PN) cycle at the step of NAD+ formation from desNAD+, which is catalyzed by 
NAD+ synthetase. This inhibition has been reported previously in animals,‘8-20 but not 
in plants. 

TABLE 2 INHIBITOR EFFECTS ON THE INCORPORATION OF QA-6-“‘C INTO 
DesNAD’ 

Experiments 

Inhtbltor 
cone 

(mg/lOO g$) 

% Dlstrlbutlon of radIoactIvIty* 

QAt DcsNAD’t 

Experiment 1 
Control 
Azaserme 
Azaleucme 

Experiment 2 
Control 
Azaserme 
Azaleucme 

Experiment 3 
Control 
Rlcmme 
Ethlomne 

- 198k35 25+05 
45 383k66 62+_06 
45 412+_36 15+09 

13+25 1 9 + 0.2 
75 221+30 54+ 1.9 
15 464+31 37 _t 02 

66+ 20 
100 143*01 
40 201+34 

* One ~CI of qumolmlc acld-6-‘4C (sp act 43 7 &l/mole) was admmls- 
tered as a precursor 

t QA = qumolmlc acid. DesNAD+ = mcotmlc acid adenme dmucleotlde 
$ Fresh plant weight. 

Azaleucme also seemed to inhibn the mcorporation of QA mto the PN cycle interme- 
diates. In experiment 1, azaleucine caused a two-fold increase m the radioactivity remain- 
mg in QA while in experiment 2, the increase was seven-fold. In both cases, the increase 
in radioactivity remainmg in QA was as great or greater than the decrease in radioactivity 
found in ricinme. This indicates that the QA, which was inhibited from formmg ricmine, 
was not being shunted into the PN cycle, as one would expect if the two pathways were 
separate. Since ricmine biosynthesis and the btosynthesis of the PN cycle intermediates 
were both inhibited, it is likely that the two pathways are Interdependent. 

In experiment 3, excess ricimne admmistration caused a six-fold reduction in mcorpor- 
ation into ricmine and a two-fold increase in the radioactivity remammg in QA. In the 
presence of ethionme, a four-fold reduction of incorporation into ricinme was observed 
and a three-fold mcrease m the radioactivity m QA. It would be expected that blockage 
of the later stages of ricinine biosynthesis by ethionine and excess ricinine would cause 
shunting of QA into other pathways branching from the PN cycle. N-methylnicotmic acid 
and N-methylnicotinamide are found in plants m much larger amounts than the PN cycle 
intermediates and are probably storage forms of the pyridimum moiety. The biosynthesis 
of these compounds results from methylation of the two cycle mtermedlates, as shown m 
Scheme 1, mcotmic acid and nicotinamide, respectively. One might expect increases m the 
incorporation of radioactivity mto these compounds in the presence of excess ricmine and 
ethionine, and this was observed. The total radioactivity found in these compounds was 
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8”;, m the presence of excess ricmme, 7j!,, m the presence of ethtonine and 4’:;) m the control 
plants. The ether extracts of the vartous plants contained less than I?,, of the admmistered 
radioactrvity and this indicated neghgrble metabolism of pyrrdmmm compounds resultmg 
m the formatron of ether soluble products occurred 

,CHO 

Cc;’ 

coon 

GLyceraldehyde-3 
CHOH 

-phosphate 19 I2 Aspartlc octd 
CHZOP-O- 

bH N/CH\COOH 
1 HZ 

:il,.,OOH 
Qu~nol~n~c oc,d 

iN+‘COOH 

~/-Phosphonbosyl pyrophosphate 

Nicotlnlc acid 
mononucleot,de 

N-melhylnicotmlc acid 

dlnuclaotlde 

N- methyl n!cottnomlde 

N-methyt-5-c(l,box(1mlde 

-2-pyndone 

Although the results of these experiments indicate an interdependency between the PN 
cycle and ricmme brosynthesis, the detarls concerning the order of mtermedtates m rrcmme 
biosynthesrs have not been elucrdated The confltctmg evrdence’,’ 5 concernmg which PN 
cycle mtermedrate 1s the most rmmedrate precursor of rrcmme may best be explamed by 
a more complrcated relatronshrp between the cycle and rrcmme brosynthesrs One possrble 
relationship is the metabohc grid concept, which is defined as a serves of parallel reactrons 
in which analagous transformatrons occur. but at drfferent rates, thus a compound may 
be converted to a product by several different parallel pathways.3s The proposed meta- 
bolrc grad, as shown m the structure, m which several of the PN cycle mtermedljtes enter 
3J Rr.‘l.of-k. I D (L9hSI m Thcp Rnr\rctrEwsI\ qf rYutwu! Pwcltr~ri. pp XI -x2 MCGraK-H!li w% Yclr k 
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into the rlcinine biosynthesis pathway, explains the simllarlty of radloisotopic mcorpor- 
ation results when each of the PN cycle intermediates (carbon-14 labeled) were fed.g The 
report that a lo-fold excess of NADc caused an mcrease m the incorporation of radioacti- 
vity into ricmine from QA-6-‘4C’5 does not necessarily mean that rlcinine was blosynthe- 
sized from QA Independent of the PN cycle, but can be readily explained as a shunting 
of radioactivity from QA-6-14C mto ricinine through the first two cycle intermediates, 
nicotinic acid mononucleotlde (NaMN) and desNAD+, since excess NAD’ blocks the 
cycle at the step of NAD+ formation from desNAD+. It has also been reported that QA 
1s a better precursor of rlcmine than the PN cycle mtermedlates;’ 5 however, this conflicts 
with other results.’ The possibility remains that ricinine is blosynthesized from QA by two 
pathways, one through the cycle and one independent of It. However, this seems less likely, 
since inhibition of the conversion of QA to the PN cycle intermediates by azaserine and 
azaleucine also inhibited mcorporation into ncinme. If there were a major cycle-indepen- 
dent pathway from QA to ncmine, then one would expect to see httle change in the mcor- 
poration mto ricinme upon inhibition of the PN cycle. 

81 

82 

Rlcinlne biosynthesis 

Al = Quinollnlc acid 
A2 Nlcotlnic acid mononucleotlde 
A3 Nicotlnic acid adenfne dinucleotlde 
A4 Nicotlnamlde adenlne dlnucleotlde 
A5 Nicotinamide 

A6 Nicotlnlc acid 
A7 Nlcotlnamide mononucleotlde 
81 N-Demethyl riclnlne 
82 Rlclnlne 
Cl /V-Methyl nlcotimc acid 
C2 N-Methyl nlcotinamide 

- f’yridine nucleotlde cycle 
--- - - Postulated reactlon sequence 

A metabohc grid proposed for rlcmme blosynthesls 

Further studies using carbon-14 labeled PN cycle intermedlates as ricinine precursors 
m the presence of the mhlbltors azaserme, azaleucine, alazopeptin and DON should be 
carried out to investigate further the proposed relationship between the PN cycle and 
ricinine biosynthesis. 

EXPERIMENTAL 

Materials Plants Castor bean plants (RKWIUS communes), of the Clmarron variety were grown in port clay loam 
sol1 at the Agronomy farm of Oklahoma State Umverslty m StIllwater during the summer of 1971 The plants 
varied m age from 6 to 12 weeks dunng the experiments (weight 75-200 g) 
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Znhzhlto~ s DL-4-Azaleucme, azaserme and azauracll were purchased from Calbtochem, Los Angeles, Cahforma. 
rlcmmlc acid was obtamed f?om G’enerar Blociiernlcais, Cliagrm Falls OIilo and- ai’azopeptm was obtamed as 
a gift from Lederle Laboratories, Pearl River. New York 

Radloactlw compounds Qumolmtc acld-6-14C (sp act of 43 7 mCt;mmole) was purchased from Amersham/ 
Sea& Corporation, Arlmgton Heights. Ilhnols It was subjected to paper chromatograph) usmg 1 M NH,OAc. 
Y5”, EtOH (3 7. v/v) as solvent, and the radIoactIvIty located usmg a Nuclear Chlcago Actlgraph III Model 1002 
47( Chromatogram Scanner The results mdlcated d radlochemlcal purrty greater than 9Y”,, 

Che~ucal rrayr,~s Solvent? and chemical reagents were of dnalytlcal reagent grade unless otherwlse noted 
Non-radIoactIve authentic pqridme nucleotlde cycle compounds were purchased from Sigma Chemical Com- 
pan). St LOUIS, Mlssour~, Blochemlcal ReTcarch Company, Los Angeles. C&hforn~a. Nutritlonai B~jochemlcai 
Corporation, Cleveland, Ohlo or Merck and Compnny, Rahway. New Jersey Dowe% 1 x 8 chloride form. 200- 
400 mesh. was purchased Iron] J T Baker Chenucal Company. Phllllpsburg, New Jersey, BloRad AG 1 x 4 
chloride form, 200 400 mesh, WAS purchased from Calblochem Lot Angeles. C‘&lfornla Both were converted 
to the formate form prior to USC 

Mmhoiir 4rhmmvuarmv of rduhfinrv mud iclhrkti~L~Jlll,lpcl!rjlri;,~~ irIhtr~fu~-s *tXc uJpXtictwt itiil ik hrIlliW9 intern~I- 

dular stem sectton of the castor bean plants usmg a micro syringe The labeled compounds ( 1 ~CI) were admmls- 
tered~mto the stem sectlon by the sdmc techmque, dpproximntely I hr niter lnlcctlon orthe Inhlhltors The piants 
were sample\ at varytng time pcrlods up to 20 hr 

,~~~~IIJ~I~~~~~~‘~~~~~~~‘~~~~~~~I~~~L~I?V))IU~II~I’L~~~~~~~ r?~Ez~ySiS Of ~::I~n~:nlnre~~~~:e.t5(Ii1$2.iYri~’uCIIlrVC~. kq iC3~Ulml- Chl’CNllZl~- 

ography usmg a 1 4 x SOcm Dowex 1 x 8 or BloRad AG 1 x 4 formate column 32 ” Components were eluted 
uamg a stcpwlsc HCOOH cnnc gradlent. from H,O to ? M acld (X0 ml!hr) h ml fractmns uerc andlyzed by 
UV spectrophotometry clt 260nm and counted Reference compounds were sublected to column chromat- 
ographq to determme their clutlon volumes for ldentlficatlon purposes 

PC‘ Cmoltimn chromatogtapliq liactlons contammg radioactIve peaks were combmedand~diled~ 61 ljophlim- 
tlon The residues were dlssolvcd m MeOH or HZO. spotted on Whatman No 3 paper \trlp5 along with reference 
compounda Representatlvc strips ofeach residue were chromatographcd m 1 M NH,OAc 99”,, EtOH (3 7) and 
lsobutyrlc acid cone NH,OH H,O (66 1 7 33 by vol ) 


