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Abstract—Quinolinic acid-6-'*C feeding experiments were performed using Ricinus commums L plants to deter-
mine the etfect of selected infubitors on the incorporation of this precursor into the aflkaloid, ricimne, and 1nto
the pyridine nucleotide cycie intermediates Administration of azaserine and azaleucine resulted 1n a decrease
in the incorporation mto ricintne and an increase in the radioactivity remaming i qunolinic acid
Admmistration of'excess ricinine and ethionine yieided similar resufts This mutual inhibition indicated an inter-
dependency between the conversion of quinofinic acid to ricinine and to the pyridine nucfeotide cycle interme-
diates

INTRODUCTION
THE BIOSYNTHESIS of ricinine in Ricinus communis L. has been studied by a number of
research groups.’~® In previous studies, quinolinic acid has been shown to be an efficient
precursor of ricinine and of nicotinic acid mononucleotide in plants.®*°3 In 1956 Leete
and Leitz suggested that ricinine might be formed from NAD™ or related substituted pyri-
dine compounds.? The previous evidence provided the basis for the formulation, by Waller
et al.,? of the pyridine nucleotide cycle. In this formulation, the initial metabolite, quino-
linic acid (QA) 1s converted to nicotinic acid mononucleotide by quinolinate phosphoribo-
syltransferase (decarboxylating); nicotinic acid mononucleotide (NaMN) is then converted
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to nicotinic acid adenine dinucleotide (desNAD ™) by nicotinate mononucleotide adenyl-
transferase (E.C 2 7 7a); micotinic acid adenine dmucleotide 1s then converted to NAD*
by NAD" synthetase (E C 6.3 5.1), NAD™ can then be converted to nicotinamide (NaM)
by NAD™ glycohydrolase (E C 3.2.2.5); nicotinamide 1s converted to nicotinic acid (Na)
by nicotinamide deamidase and nicotinic acid 1s converted to NaMN by nicotinate phos-
phoribosyltransferase (E C 2.4.2.11) Recent results have indicated that the precursors of
qumolinic acid are dihydroxyacetone phosphate and aspartic acid rather than glyceralde-
hyde-3-phosphate and aspartic acid '*

Several studies have been conducted which indicated that the pyridine nucleotide cycle
1s a necessary mntermediate in the biosynthesis of ricinine m the castor plant from quino-
linic acid 2 *-° Hiles and Byerrum. however, have suggested that the biosynthesis of ricinine
from quinoimic acid occurs by a separate pathway. independent of the cycle.’” This con-
clusion was based on evidence showing an ncrease mn incorporation of [abel mto ricimine
from labeled quinolinic acid 1n the presence of excess exogenous NAD™ However, this
conclusion is vahd only 1f one assumes NAD ™ 1s an obligatory intermedrate 1n the biosyn-
thesis of ricmine and that exogenous NAD™ can be transported across the cellular mem-
brane mntact. Recent work by Negishi and Ichiyama'® has shown that NAD administered
intravenously to the rat was extremely short lived (90°, destroyed in 20 sec). Liersch er
al.'” have also presented evidence against such a membrane passage in perfused rat hver.
Another explanation of these results 1s that ricinine was biosynthesized from an interme-
diate before NAD™ n the cycle, such as NaMN or desNAD*. However. the labeling ex-
periments of Waller and Henderson indicated that the amide nitrogen of nicotinamide was
incorporated into the nitrile group directly.* If ricinine were to arise from NaMN or des-
NADT, then a direct incorporation of the amide nitrogen of micotinamide into ricimine
would not be expected, but rather an incorporation from a nitrogen pool such as ammonia
or glutamate Such seemingly conflicting results have left the relationship of the pyridine
nucleotide cycle to ricinine birosynthesis unsolved.

Several compounds have been found to inhibit the pyridine nucleotide cycle at various
pomts Alazopeptin. [L-alanyl-(6-diazo-5-0x0)-L-norleucyl-(6-diazo-5-0x0)-L-norleucine]
and 6-diazo-5-oxo-norleucine, two potent glutamine antagonists, and azaserine, a less
potent glutamine antagonist, have been shown to inhibit the pyridine nucleotide cycle n
anmmals.'® 2° Two other aza-compounds. azaleucine and azauracil, were also considered
as possible inhibitors

Azaserne has been shown to be a glutamine antagonist'® and has becn shown by scveral
other workers to mhibit the NAD™ synthetase reaction in which nicotinic acid adenine
dmucleotide 1s converted to NAD ™ with glutamine or ammonia as the nitrogen donor n

liver'? 2! 2+ as well as in brain *° Addition of excess micotinamide before adding azaserine

Y4 Suzukl, N, GriFrite, G R and Guouson, R K (1971) Fed Proc 30(3) 1252

'S Hies, R A and Byrrrum, R U (1969} Phytochemisiry 8, 1927

Y6 NecisHl, T and IcHivaMa. A (1969) Vitamins (Japan) 40 (1), 38

7 LurscH. M. Grotouuscuey, H and Deckir K (1971) 2 Phyaal Chem 382, 267
'8 L1 VENBERG. B, MELNicK. T and Buckanan, I M (19571 J Biol Chem 225, 163

' Greencers, J and LEPAGE, G A (1956) Cancer Res 16, 808

20 JaQuez, J A and SHERMAN, J H (1962) Cancer Res 22, 56

21 LaNGMAN. T A Jr, Kapean, N Q and SHUSTER, L (1959) J Biol Chem 234, 2161
22 Priess, J and HANDLER, P (1957) J 4m Chem Soc 79, 4246

23 NARROD S A, Bowavita, V| EareneelD, E R and Kapran, N Q (1961} J Biol Chem 236, 931
24 SLATER, T F and SAwer B C (1966) Biochem Pharmacol 15, 1267

25 BonasirA, N, MAGione G and Banavita, V (1963) Riachem Pharmacal 12, 633



Pyridine nucleotide cycle—ricinine biosynthesis 1495

or 6-diazo-5-oxo-norleucine seemed to counteract this inhibition;?® however, addition of
glutamine after addition of azaserine or 6-diazo-5-oxo-norleucine did not counteract this
inhibition. This was probably a result of irreversible inhibition by azaserine and 6-diazo-5-
oxo-norleucine. Azaserine has been shown to be forty times less effective as a glutamine
antagonist than 6-diazo-5-oxo-norleucine.'® This might explain the lack of any significant
accumulation of nicotinic acid adenine dinucleotide in the presence of azaserine, yet a
definite accumulation was noted in the presence of 6-diazo-5-oxo-norleucine in mouse
liver and mouse tumor cells.?® 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.2?:27 ¢-Diazo-5-0xo-norleucine 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),>8 6-Diazo-
5-oxo-norleucine probably acted as a glutamine antagonist 1n this case also.

Alazopeptin has also been shown to cause mhibition of NAD™ synthesis in mouse liver
and mouse tumor cells.?® It was shown to be as potent an mhibitor as 6-diazo-5-0xo-nor-
leucine, 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.*’-2%:2° 4-Azaleucine, an amino acid found 1n cultures of Strepto-
myces neocaliberis, has a structure similar to that of glutamine, 6-diazo-5-oxo-norleucine
and azaserine.?®3° Ricininic acid, or O-demethyl ricinine, was shown to inhibit the conver-
sion of nicotinic acid to ricinine.*!

The experiments described heremn were designed to clarify the relationship of the pyri-
dine nucleotide cycle to ricinine biosynthesis by inhibiting the pyridine nucleotide cycle
with specific inhibitors and observing the effects on ricinine 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-
idine nucleotide cycle inhibitors. These compounds were alazopeptin, azaserine and aza-
leucine. Excess ricinine and ethionine were also administered in an attempt to inhibit the
biosynthesis of ricinine in 1ts later stages and to observe any effects on the incorporation
of radioactivity into the pyridine 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 limited quantity of alazopeptin available.

In experiment 1, the concentration of the inhibitors was 45 mg/100 g fresh weight. Tripli-
cate control, azaserine-treated and azaleucine-treated plants were allowed to metabolize
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qumolinic acid-6-'*C (QA-6-1*C) for an 11 hr period before analysis. In experiment 2, trip-
licate plants were treated with QA-6-1#C (1 uCi/plant) only, with QA-6-'*C plus azaserine
(75 mg/100 g) or with QA-6-'*C plus azaleucine (75 mg/100 g) and allowed to metabolize
for 20 hr In experiment 3, duplicate plants were mjected with QA-6-'*C. with QA-6-'*C
plus ricinine (1 mg/g) or with QA-6-'*C plus ethionine (40 mg/100 g) and allowed to meta-
bolize for 20 hr. Table | shows the effects of these inhibitors on the incorporation of QA-6-
14C 1nto ricinine

TAe T EEeCCTs Of CNEIREIORS OGN, THE IMCURPURA DN, G (A6 o8 T RICININ G

Inhibitor Ricinine
conc Duration Conc Incorp * Sp act Isotope
Experiments {mg/100 gl ) (hr) {mmoles/100 g|1) “,) (muCr'umole)  dilution®
Experiment 11
Control — 11 26 256425 171 25000
Azaserine 45 11 26 2001 4+95S 082 3200
Azaleucine 45 11 26 65+ 30 044 100000
Experiment 21
Control - 20 25 213 + 44 277 15800
Azaserine 75 20 25 120+ 18§ 163 26900
Azaleucine 75 20 24 32+ 18 039 112000
Expertment 3§
Control - 20 34 355+ 39 426 10288
Ricinine 100 20 54 57T+ 17 056 78035
Ethionine 40 20 41 86 +08 096 4552]

* One pC1 of quinoliic acid-6-"*C (sp act 43 7 uCijumole) was administered as a precursor
+ Flowering plants 1113 weeks old were used

1 Non-flowering plants 8 weeks old were used

§ Non-flowering plants 6 weeks old were used

II Fresh plant weight

“ The ratio ol the specitic activity of’quinolmic acid-6-"*C to the sp act of'ricinine

In these experiments, although the amount of ricinine remained essentially unchanged,
inhib1tors affected the mcorporation of radioactivity into ricinine, moderately for azaserine
and markedly for azaleucine. In experiment 1, azaserine did not seem to significantly
change the incorporation of radioactivity into ricinine compared to the control but in ex-
periment 2, with the level of azaserine increased by 75 mg/100 g. the reduction 1n incorpor-
ation was nearly 2-fold (Table 1). In experiment 1. azaleucine caused a four-fold reduction
of incorporation of radioactivity into ricinine, while mn experiment 2, the reduction was
seven-fold These results indicated a sharp decrease in the biosynthesis of ricinine from

QA

Inhibitor effects on the pyridine nucleotide cycle

Dowex | x 8 formate column chromatography was used to separate the pyridine nuc-
leotide cycle intermediates '* 2 *3 Several components were identified mcluding N-methyl
nicotnic acid and N-methyl nicotinamide, which eluted from the column as one peak,
nicotinamide, NAD ™. nicotinic acid, desNAD"* and QA However, except for desNAD *
most of the components were present m small quantities and contained such low levels
of radioactivity that inhibitor effects could not be conclusively determined

32 Purko, J and StrwarT, H B (1967) Canr J Brochem 45, 179
PPRywrie, 11 and Scotr. K T (1969) Biochem J 115, 679
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Table 2 shows the effects of the inhibitors on the incorporation of radioactivity into des-
NAD* from QA-6-1*C. 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 in 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,'®2° but not
in plants.

TABLE 2 INHIBITOR EFFECTS ON THE INCORPORATION OF QA-6-'*C INTO

DesNAD*
Inhibitor
conc % Distribution of radioactivity*

Experiments (mg/100 g¥) QAT DesNAD ™+
Experiment 1

Control - 198 + 35 25405

Azaserine 45 383+ 66 62+ 06

Azaleucine 45 412+ 36 15+09
Experiment 2

Control — 73425 19402

Azaserine 75 2214+ 30 54419

Azaleucine 75 464 + 31 37+02
Expermment 3

Control e 66+ 20 —

Ricinine 100 143401 —

Ethionine 40 201 + 34 ——

* One uC1 of quinolmic acid-6-14C (sp act 43 7 uCymole) was adminis-
tered as a precursor

t QA = qumolimic acid. DesNAD™ = nicotinic acid adenine dinucleotide

1 Fresh plant weight.

Azaleucine also seemed to inhibit the incorporation of QA mto the PN cycle interme-
diates. In experiment 1, azaleucine caused a two-fold increase 1n the radioactivity remain-
ing in QA while in experiment 2, the increase was seven-fold. In both cases, the increase
in radioactivity remaining in QA was as great or greater than the decrease in radioactivity
found in ricinine. This indicates that the QA, which was inhibited {rom forming ricinine,
was not being shunted into the PN cycle, as one would expect if the two pathways were
separate. Since ricinine biosynthesis and the biosynthesis of the PN cycle intermediates
were both inhibited, it is likely that the two pathways are interdependent.

In experiment 3, excess ricinine administration caused a six-fold reduction in incorpor-
ation into ricinine and a two-fold increase in the radioactivity remaining in QA. In the
presence of ethionine, a four-fold reduction of incorporation into ricinine was observed
and a three-fold icrease 1n 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-methylnicotinic acid
and N-methylnicotinamide are found in plants 1n much larger amounts than the PN cycle
intermediates and are probably storage forms of the pyridinium moiety. The biosynthesis
of these compounds results from methylation of the two cycle intermediates, as shown
Scheme 1, nicotinic acid and nicotinamide, respectively. One might expect increases in the
incorporation of radioactivity mto these compounds in the presence of excess ricinine and
ethionine, and this was observed. The total radioactivity found in these compounds was
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8%, 1n the presence of excess ricinine, 7°, in the presence of ethionine and 4%, 1n the control
plants. The ether extracts of the various plants contained less than 1°, of the admnistered
radioactivity and this indicated negligible metabolism of pyridinium compounds resulting
in the formation of ether soluble products occurred
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SCHEME 1 THE PYRIDINE NUCI FOTIDE CYCLF AND ITS RELA [TON O PY RIDINL ALKAL O1) BIOSYNTHESIS

Although the results of these experiments indicate an interdependency between the PN
cycle and ricinine biosynthesis, the details concerning the order of intermediates in ricinine
biosynthesis have not been elucidated The conflicting evidence®'® concerning which PN
cycle intermediate 1s the most immediate precursor of ricinine may best be explamed by
a more complicated relationship between the cycle and ricinine brosynthests One possible
relationship is the metabolic grid concept, which is defined as a series of parallel reactions
in which analagous transformations occur. but at different rates, thus a compound may
be converted to a product by several different parallel pathways.>* The proposed meta-
bolic grid, as shown 1n the structure, 1in which several of the PN cycle intermediates enter
M BULock b D {(1965) i The Buasyathests of Natural Products, pp 81-82 MoGras-Hill New York
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into the ricinine biosynthesis pathway, explains the similarity of radioisotopic ncorpor-
ation results when each of the PN cycle intermediates (carbon-14 labeled) were fed.® The
report that a 10-fold excess of NAD™ caused an increase 1n the incorporation of radioacti-
vity into riciine from QA-6-1*C*> does not necessarily mean that ricinine was biosynthe-
sized from QA independent of the PN cycle, but can be readily explained as a shunting
of radioactivity from QA-6-'*C into ricinine through the first two cycle intermediates,
nicotinic acid mononucleotide (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 ricinine than the PN cycle intermediates;!> however, this conflicts
with other results.” The possibility remains that ricinine is biosynthesized 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 incorporation into ricinine. If there were a major cycle-indepen-
dent pathway from QA to ricinine, then one would expect to see little change in the wcor-
poration into ricinine upon inhibition of the PN cycle.

\
NS
e

B1

B2

c2
Ricinine biosynthesis

A1l = Quinolinic acid

A2 Nicotinic acid mononucleotide
A3 Nicotinic acid adenine dinucleotide
A4 Nicotinamide adenine dinucleofide
A5 Nicotinamide

A6 Nicotinic acid

A7 Nicotinamide mononucleotide

B1 AN-Demethyl ricinine

B2 Ricinine

Cl1  N-Methyl nicotinic acid

C2 N-Methyl nicotinamide

Pyridine nucleotide cycle
————— Postulated reaction sequence

A metabolic grid proposed for ricinine biosynthesis

Further studies using carbon-14 labeled PN cycle intermediates as ricinine precursors
in the presence of the mhibitors azaserine, 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 (Ricinus communis), of the Cimarron variety were grown 1n port clay loam
soil at the Agronomy farm of Oklahoma State University in Stillwater during the summer of 1971 The plants
varied 1n age from 6 to 12 weeks during the experiments (weight 75-200 g)



1500 R D Jounson and G B WaALLIR

Inhibitor s DL-4-Azaleucine, azaserine and azauracil were purchased from Calbiochem, Los Angeles, California.
ricminic acid was obtamned from General Brochemicals, Chagrin Fails, Ohio and alazopeptin was obtamed as
a gift from Lederle Laboratories, Pearl River, New York

Radiwactive compounds Qunolinic acid-6-'*C (sp act of 43 7mCymmole) was purchased from Amersham/
Searle Corporation, Arlington Heights, Ilhnois It was subjected to paper chromatography using | M NH,OAc,
95°, EtOH (3 7. v/v) as solvent, and the radioactivity located using a Nuclear Chicago Actigraph IIT Model 1002
4n Chromatogram Scanner The results indicated a radiochemical purity greater than 99°

Chemical reagents Solvents and chemical reagents were of analytical reagent grade unless otherwise noted
Non-radioactive authentic pyridine nucleotide cycle compounds were purchased from Sigma Chemical Com-
pany. St Lous, Missour1, Biochemical Rescarch Company, Los Angeles, Caiiforma, Nutritional Brochemical
Corporation, Cleveland, Ohio or Merck and Company, Rahway, New Jersey Dowex 1 x 8§ chloride form, 200-
400 mesh, was purchased from J T Baker Chemical Company. Phillipsburg, New Jersey, BioRad AG | x 4
chloride form, 200- 400 mesh, was purchased from Calbiochem Los Angeles. California Both were converted
to the formate form prior to usc

Methods. Admnisicaiion.of mhibirs.and: lubeled: compounds. Tnhibntors weres mjected: oo the: hollow: mterno-
dular stem section of the castor bean plants using a micro syringe The labeled compounds (1 4C1) were adminis-
tered mto the stem section by the same technique, approximately 1 hr after injection of the inhibitors The plants
were samples at varying time periods up to 20 hr

Isolation of metabolires Plants were cut into small pieces and blended with 300 ml 80°, MeOH at 50-60° to
& CUdarse sturty’ T exicact way (iHored amd i rewidue ieextiacted until colorless The residue was dried:
ground. weighed and analyzed for radicactivity by wet combustion and gas counting The combined extracts
were evaporated to drymess and takewr up or 150 md of H, O Tlos phase was extracted withr 3 x 106-m) Et, O,
the Ei, O phase way dried: weighed and counted by hguid seintilfation spectrometry The aqueous” phase way
evdaporated (o nedr dryness, taken up iy Fomi H, O 2'mi ahquots were then amalyzed by TLC o sihea gel HF
i CHCUT, MeOH (5 1) Remmne was eluted with MeOH and’ punfied o constant speaific activity, winfe tfe
remainder of the silica gel from the plate was extracted 5x with 509, MeOH Quantitative analysis was made
by measurmg the absorbancy at 255 amd 307 m” and the radwactvity determmred The extract was them evas
porated to near dryness taken up in 10 ml H,O and analyzed on either a« Dowex | x 8 of BioRad Ag | x 4
formate column

Amow exeluonge columir clromuiuyraphry. Aralysis of the rreniresfiee: phase was achieved- by columir chromat-
ography usinga 1 4 x 50cm Dowex 1 x 8 or BioRad AG 1 x 4 formate column ¥ ** Components were eluted
using a stepwise HCOOH conc gradient, from H.O to 3 M aud (80 ml/hr) 6 ml fractions werc analyzed by
UV spectrophotometry at 260 nm and counted Reference compounds were subjected to column chromat-
ography to determine their elution volumes for 1dentsfication purposes

FC Column chromatography fractions contaming radioactive peaks were combined and dried by lyophiliza-
tion The residues were dissolved in MeOH or H; O, spotted on Whatman No 3 paper strips along with reference
compounds Representative strips of cach residue were chromatographed in 1 M NH,OAc 99°  EtOH (3 7) and
isobutyric actd conc NH,OH H,0O (66 17 33 by vol)

Meavurement of rudwac vy Fach amorn-exchange columm fraction was amaiyzed for radioactivity by placmg
2 ml of each fraction in 10 ml of Bray’s scintillation solution®® and counting on a Model 3320 Packard TriCarb
Scintiflation Spectrometer The carbon-14 remaiming in the plant residues were determined by the wet combus-
ton procedure of Vam Slyke er af*” with subsequent counting of the carbon diwoade with @ vibrating reed
clectrometer
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