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.A~etate-l-'.~C and acetate-2-'"C were s~ipplied to cultures of Gibberella fujikzlroi (Saw.) Wr., 
and the radioactive f~isaric acid conseq~~ently formed was isolated. Acetate-1-14C contributed 
activity mainly to C-4, C-6, C-7, C-8, and C-10 of fusaric acid, whereas acetate-2-'.'C coptrib- 
uted activity to C-2, C-3, C-5, C-9, and C-11 of fusarlc acid. These results are conststent 
with the hypothesis that fusaric acid is formed from a polyacetate unit and aspartic acid 
or closely related metabolites. 

I t  is well established that  more than one route exists for the biological formation of the 
pyridine ring. Nicotinic acid is formed from tryptophan in mammals and in the fungus 
iVe~~rospora crassa (I) .  In higher plants (2) and certain bacteria (3), however, experi- 
nlents with isotopically labelled tryptophan have failed to sho\v any transfor~nation to 
ilicotinic acid. Glycerol and succinate have been shown to  be precursors of nicotinic 
acid in Esclzerichia coli (4, 5). Aspartate and glycerol are incorporated into nicotinic 
acid in Il.lycobacterizim tuberculosis (6). 

Nicotinic acid is a precursor of the pyridine ring of nicotine (7) and anabasine (8) 
and of the pyridone-ring compound ricinine (9, 10). Nicotine derived from acetate-2-14C 
(11) or aspartate-3-14C (12) was shown to have one-half of the activity of the pyridine 
ring a t  C-3. Acetate-2-14C (13) labelled C-2 and C-3 of the pyridine ring of anabasine 
equally, with little activity on C-4 and C-6. Administration of acetate-2-14C or succinate- 
2,3-14C to  liicinus communis plants yielded ricinine labelled equally a t  C-2 and C-3 (15) ; 
s~ccinate- l ,4-~*C gave radioactive ricinine in which most of the activity was located on 
the nitrile carbon (16). Glycer01-1,3-'~C and glycerol-2-14C were also incorporated into 
the pyridone ring (17, IS), the pattern of labelling strongly suggesting that  the three- 
carbon chain of glycerol formed C-4, C-5, and C-6 of ricinine. The accumulated evidence 
thus suggests that ,  in higher plants, nicotinic acid is formed from a condensation of 
glycerol and succinate or closely related metabolites. 

The structure of the wilt toxin, fusaric acid (I) ,  suggests that the pyridine ring of 
this compound inay not be derived from glycerol and succinate. Leete (19) has suggested 
that the inolecule inay be forined biologically from a branched chain derived from five 
acetate units (structure Ia).  Vining4 has proposed a slightly different condensation 
involviilg a polyacetate unit and aspartic acid (structure Ib). The two hypotheses differ 
only in the origin of C-2, C-3, C-4, and C-7 of fusaric acid. In Leete's scheme, C-7 and 
C-3 ~vould be derived froin the methyl group of acetate, with C-2 and C-4 originating 
from the carboxyl group. Vining's suggestion requires C-2 and C-3 to be forined from 
the methyl group of acetate, with C-7 and C-4 being forined primarily from the carboxyl 
group. 
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The incorporation of acetate-1-IT, acetate-2-14C, aspartate-1-I4C, and aspartate-4-I4C 
into fusaric acid by Fz~sar ium ortlzoceras cultures has been d e m ~ n s t r a t e d . ~  Aspartate 
contributed activity only to  C-7 and the pyridiile ring. Partial degradation of the labelled 
fusaric acid derived from acetate feedings suggested that  the activity \\;as probal,l!- 
distributed in a manner consistent with 17ining's hypothesis. 

The purpose of this investigatioil was to deterinine the complete distribution of label 
in fusaric acid derived from acetate-14C in G. fuj ikuroi  (Salv.) LVr. cultures. The incor- 
poration data for acetate-1-I4C and acetate-2-14C presented in Table I demonstrate that  
the inethyl carbon and carboxyl carbon of acetate are equally efficient precursors of the 
carbon slteleton. 

TABLE I 
I~lcorporation of acetate-14C into fusaric acid by G. fz~j ikuroi  

Fusaric acid 
Dilution of 

Compound Yield Specific activity specific Incorporation 
supplied (6) (d.p.111. X1O-G/n~~nole) activity (%) 

The radioactive fusaric acid \vas degraded as illustrated in Reaction Scheme 1. Chromic 
acid oxidation of fusaric acid (I) yielded a mixture of acetic and propionic acids \\-hich 
\vas separated by gas-liquid chromatography. A Schmidt reaction on the sodium salt 
of acetic acid gave carboil dioxide (C-10) and methylamine. The activity a t  C-11 \\-as 
determined either by difference or by oxidation of the methylamine to yield carbon 
dioxide. The propionic acid was degraded by the Schmidt reaction to yield carl~on 
dioxide (C-9). Decarboxylation of fusaric acid gave carbon dioxide (C-7) and 3-butyl- 
pyridine (11), which \vas oxidized with potassium permanganate to nicotinic acid (I1 I) .  
Decarboxylation of nicotinic acid with copper chromite in quinoline yielded carLon 
dioxide (C-7). Sequential degradation of the pyridine ring of nicotinic acid ~ v a s  accom- 
plished by the method described by Friedman and Leete (13 14), \\lit11 the exception 
that ,  in one case, the activity at C-4 was determined directly by a Schmidt reaction of 
the 2-methyl-3-phenylpropanoic acid obtained by perlnanganate oxidation of S-methyl- 
3-phenylpropylamine. 

The distribution of activity in fusaric acid from acetate-1-14C is presented in Table 11. 
The specific activity values reported are for undiluted material. I t  is apparent that the 
activity from acetate-1-14C is concentrated on C-4, C-6, C-7, C-S, and C-10 of the mole- 
cule. The distribution of activity a t  three of the positions approaches the value expected 
if one-half of the carbon atoms of fusaric acid \\rere derived from the carboxyl group 
of acetate. The lo~v activity a t  C-10 may have resulted from contamination of the acetic 

jT. 4 .  Dobson and L. C. Vzning, z~npzrblisl~ed results. 
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Kuhn-Roth 
Oxidation 

CuOCrnOs 
Quinoline + 

acid by propionic acid in the  gas chroinatographic separation. This ~vould also account 
for the  presence of activity at C-11 in this degradation. 

The distriI>ution of activity in fusaric acid from a c e t a t e - 2 - 1 4 C  (Table 111) is con~patible 
with the data obtained for the a c e t a t e - 1 - 1 4 C  feeding experiment. The activity is found 
mainly in positions 2, 3, 5, 9, and I1 of the  fusaric acid. The low activity at C-2 and 
C-3 of the  pyridine ring and the  preseiice of activity at C-4 and C-7 are consistent with 
the participation of a four-carbon Icrebs cycle acid or its e q ~ i v a l e n t . ~  

TABLE I1  
Distrib~~tion of activity in the degradation products of fusaric acid synthesized from 

acetate-1-14C by G. f z ~ j i k z ~ r o i  

Compound 

1;usaric acid 
Barium carbo~iate* 
Sodiulil propionatet 
Sodium acetate? 
I3ariul11 carbonate$ 
Barium carbonates 
Bariutil carbonate 1 
Barium carbonatel/ 
Nicotinic acid 
Renzoic acid** 
Barium carbonateit 
Formaldehyde dimedone 
Rariulll carbonate$$ 
13y difference 

Specific activity 
Carbon S o .  (d.p.m. X 10-6/t~lrnole) 

Distribution of 
activity (%) 

100 
14.2 

'Qbtained fro171 the decarbosylation of fusaric acid. 
tob ta ined  from the Icuhn-Koth oxidation of fusaric acid. 
tobtained from a Schmidt reaction on sodium propionate. 
SObtaj~ied from a Schmidt reaction on sodium acetate. 
IIObta~ned by alkaline premanganate oxidation of the residue from the Schmidt reaction on sodium acetate. 

?Obtained from the decarboxylation of nicotinic acid. 
**Obtainetl from the Kuhn-Roth osidation of 1.3-dimethyl-2-pl1enylpipericli1~e. 
ftObtained from aSchmidt reaction on sodium acetate deriretl from a I<uhn-Roth oxidation of 1.3-dimethyl- 

9-l~henylpipericline. 
$$Obtainecl from a Schmidt reaction on the sodioni salt of 3-methyl-4-phenylbutanoic acid. 

T o r  r s a i n p l ~ ,  tlze equilibvir~nz distrib,zltion of label in osalacetate derived fro~lz a~etcrte-b-~"C via t l ~ e  Iirebs 
(-jcIe is: C-1, 16.7%; C-2, 33.3%; C-3, 33.3%; and C-4, 16,7%. I f  C-7, C-2, C-3, and C-!+ of f l ~ s n r i c  acid are 
f 'oiii~rd froln  a four-carbolz dicarbosylic acid alzd contain  407, of the ucti-dity derived f r o ~ n  acetate-2-"C, tlzeqa 
the po l - e~ l fage  c o n t ~ ~ i b ~ ~ t i o n  of each carl107l zooz~ld be 6.65, 13.3 ,  13.3, a d  6 .65,  respectively. 



C.INXDIAK JOURS.\L O F  CHISMISTKY. VOL. d i .  IS66 

?'ABLE I11 

Distribution of activity in the degradation products of fusaric acid synthesized from 
acetate-2-14C by G. flrjikziroi 

-- 

Specific activity Ilistribution of 
Co~npound Carbon No. (d.p.m. X 10-5/mmole) activity (%) 

Fusaric acid All 20.0 100 
Barium carbonate* 7 0.89 4.4G 
Sodium acetatet 1 0 , l l  3 . 6  18.0  
Barium carbonate3 9 3.94 19.7  
B a r i ~ ~ m  carbonates 10 0.12 0 . 6  
By difference 11 - 17.4 
Barium carbonate\\ S 0 . 0  0 . 0  
3-klethylpyridine 2,  3, 4, 5, 6, S 10.0 50.2 
Benzoic acid7 6 0 .08 0 .44 
Barium carbonate** i) 3.34 16 .7  
Formaldehyde dimedone 2 2 . 1  10 .5  
Barjum carbonatett 3 2 .  0 10.0  
Bar~um carbonateft 4 0.44 2.21 

Wbtained from the decarbosylation of fusaric acid. 
+Obtained from the Kuhn-Koth oxidation of fusaric acid. 
tobtained from a Schmidt reaction on sodium propionate. 
$Obtained from a Schmidt reaction on sodium acetate. 
IObtained from the decarboxylation of nicotinic acid. 
IObtalned from the I(t111n-Roth oxidation of 1,3-dimetl1yl-2-p11e~1\~1~>i~>eridine. i 

'""Obtained from a Schmidt reaction on sodium acetate derived from the Koh11-Rot11 oriclatio~i of 1.3-di- 
methyl-2-phenylpiperidine. 

t tob ta ined  from a Schmidt reaction on the sodium salt of 3-methyl-4-phenylbutanoic acid. 
i tob ta ined  from a Schmidt reaction on  the sodium salt of 2-methyl-3-phenylpropanoic acid. 

'The evidence presented in this communication thus  indicates that all the carl~ons of 
fusaric acid are derived from acetate or closely related metabolites. The pattern of 
labelliilg is coilsistent with the aspartate-polyacetate hypothesis4 for fusaric acid for- 
mation, and is not consistent with the polyacetate hypothesis (19). The  incorporation 
of '4C-labelled aspartate into fusaric acid5 and the incorporati011 of a ~ p a r t a t e - l , 4 - ~ C , l ~ S  
into nicotinic acid in 11. tubercz~losis (6) suggest that aspartate may be incorporated intact 
into fusaric acid. 

ESPERIMENT-IL  
Conditions of Cullrrre 

Gibberellafz~jzkzrroi (Saw.) \J7r., strain ETH M S2, was obtained from the Depar t~ne~l t  of Special Botany, 
Swiss Federal Institute of Tech~lology, Zurich, Switzerland. The fu~lrrus was maintained on malt acar or 
Difco potato-dextrose agar slants a;h OC, 116th regular subculturing every 2 months. 

- 

Inoculum mas prepared by transferring a suspensio~~ of the mycelium to 125 1111 Erlenmeyer flasks con- 
taining sterile, water-saturated rice. After 5 days in the dark, the conidia were harvested by shal;ing the  
mixture with sterile, distilled water (60 1111). This spore suspension \\Ias transferred to a 250 ml Erlenmeyer 
flaslc and iucubated on a shaker in the darlc for 24 h. Ten milliliters of this inocuium was added to 250 1111 
of Czapek's medium in 1 1  Erlenmeyer flasks, and the fungus nras gro~vn ill the dark in shake culture. 

Czapel;'s medium has the following composition: sucrose, 4%; sodium nitrate, 0.3y0; n~onopotassium 
phosphate, 0.1%; magnesium sulfate, 0.05yo; potassium chloride, 0.05yo; ferrous sulfate, O.OO1~o; all in 
distilled water. The pH of the medium was adjusted to 5.5 before autoclaving. 

Bdnzi~zistration of Labelled Conzpounds 
The fungus from shake cultures that were 3 days old was collected by low-speed centrifugation. The  

harvest from two culture flasl;s was resuspended in Czapelc's nledium (50 ml) and used to inoculate fresh 
medium (200 ml). Six Rasl;s were normally used for each tracer experiment. 

Aqueous solutions of sodium acetate-1-liC or sodium acetate-2-IiC (Atomic Energy of Canada, Ltd.) 
xere prepared and divided equally between the six Raslcs. After the flasks mere shalcen for 34 11 in the  
darlc, they were removed and the fusaric acid was extracted from the culture filtrate. 

Assay of Radioactivify 
Samples were counted in a Nuclear-Chicago model 725 liquid scintillation counter using, a s  solvents, 

either (a) toluene containing 0.4y0 2,5-diphenyloxazole (PPO) and 0 . 0 0 5 ~ o  l,4-bis-2-(5-phenyloxazolyl)- 
benzene (POPOP) ; or (b) diosane - ethyl cellosolve (5:l) containing 5% naphthalene, 0.4% PPO, and 
0.01% POPOP. Sample activities were determined in duplicate, with a counting error of 5Cjo or less i n  
each determination. 
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Extraction and Isolatio?c of the Fz~saric Acid 
Celite was added to the culture flasks and the slurry filtered. The filtrate was reduced to one-quarter 

of its volume on a rotary evaporator and filtered. The filtrate (ca. 400 ml) was adjusted to pH 4.0 and 
extracted with ethyl acetate (3 X 300 ml). The ethyl acetate fraction was evaporated to dryness, the 
residue dissolved in water (50 ~i i l ) ,  and the pH adjusted to 5.0 with 2 N sodium hydroxide. After extraction 
with ether (35 ml), the aqueous phase was adjusted to pH 4.0 with dilute hydrochloric acid and extracted 
with ether for 36 h in a continuous liquid-liquid extractor. The  ether extract was dried with anhydrous 
magnesium sulfate, filtered, and evaporated to dryness on a rotary evaporator. The residue was extracted 
with petroleum ether (5 X 100 ml) and the extract evaporated to  dryness. The  residue was crystallized 
three ti~iies from petroleum ether to give colorless needles of fusaric acid, 1n.p. 101-102 "C. 

Degradation of tlce Fusaric Acid 
Dilutions with non-radioactive intermediates were made whenever the a~noun t s  available were too small 

for s~ibsequent degradation steps. 
Kulcn-Roth Oxidation of Ftrsaric Acid 
Fusaric acid (123 mg) in water (2 ml) was added to a refluxi~ig solution of chromium trioxide (0.8 g) 

in 10% sulfuric acid (14 nil). Distillation was started immediately. The  volume of the reaction ~iiixture 
was maintained by addition of distilled water through a dropping funnel. The  distillate (130 ml) was 
titrated to pH 8.0 with 0.03227 N sodium hydroxide solution (20.1 ml) and evaporated to dryness. The 
residue was dissolved in water (5 1111)~ acidified ( p H <  1) with sulfuric acid, and extracted with ether 
(4 X 5 mi). The ether extract, containing acetic and propionic acids, was dried, filtered, and evaporated 
to ca. 0.5 1111 in an  air stream a t  room temperature. 

The mixture of acetic and propionic acids was separated by gas chromatography, with a copper colu~lln 
(G f t  X 0.25 in. outside diameter) packed with 20% neopentyl glycol succinate on 60-80 mesh firebrick 
treated with 27, phosphoric acid. The column teliiperature was 128 OC and the helium flow rate was 50 
ml/min. The pure acids were collected by bubbling the exit gas through distilled water, and the solutions 
were then titrated to pH 8.0 with 0.03227 N sodium hydroxide solution (4.56 ml for propionic acid; 3.32 ml 
for acetic acid). The solutions were each evaporated to dryness in vacuo, the residues dissolved in absolute 
ethanol (10 ml), and the solutions evaporated to  dryness again. Treatment with absolute ethanol was 
repeated twice, followed by hnal treatment with absolute ether (10 ml) and evaporation to  dryness to 
yield the dry sodium salts of acetic and propionic acids. 

Schmidt Reaction on Sodizrm Acetate or Sodiz~tn Propionate 
The  flaslr containing the dry sodium salt of the acid (0.1-0.15 mmole) was cooled in a n  ice bath, 100yo 

sulfuric acid (0.1 1nl) was added, and the contents were dissolved by rotating the flaslr. Sodium azide 
(15 mg) was added and the flask was connected to a gas train containing a 5y0 potassium permanganate 
in 5% sulfuric acid scrubber (to remove sulfur dioxide). The flaslc was flushed for 2 min with carbon di- 
oxide free nitrogen, and a carbon dioxide trap of ethanolamine or barium hydroxide was attached after 
the permanganate scrubber. The nitrogen flow was stopped and the reaction flask was heated on a water 
bath a t  75-80 "C for 1 h. The system was f l~~shed  with nitrogen for 15 min, after which the carbon dioxide 
t rap  was removed and analyzed for carbon dioxide and radioactivity. 

Degradatiolc of iMetJ~yla?nine fro?rc ScJb~lzidt Reaction on Sodilr?tc Acetate 
A solution of 37, potassium permanganate (5ml) was added to the residue from the Schmidt reaction, 

followed by the addition of a 40% sodium hydroxide solution (0.2 ml). The flask was connected to  the gas 
train, containing a fresh carbon dioxide trap,  and was heated for 15 ~ n i n  on a boiling water bath. The  
system was flushed with nitrogen, the water bath removed, and the reaction mixture acidified with sulfuric 
acid to release carbon dioxide. After the system was flushed with nitrogen for 15 min, the carbon dioxide 
t rap  \\,as removed and the contents were analyzed for radioactivity and carbon dioxide. 

3-n-Butylpyridine 
A flask containing fusaric acid (2.95 g) was connected to a reflux condenser and flushed with carbon 

dioxide free nitrogen. A gas train containing a dilute sulfuric acid scrubber and a carbon dioxide trap was 
connected after the condenser. The nitrogen flow was stopped, and the reaction flask heated a t  200 OC 
on an oil bath. After 5 h the oil bath was removed and the system flushed with nitrogen for 10 min. The  
carbon dioxide trap was removed and the contents were analyzed for carbon dioxide and radioactivity. 
The condenser was set for distillation and the flask contents were distilled under reduced pressure to give 
3-n-butylpyridine (2.04 g, 94y0). 

Nicothtic Acid 
3-n-Rutylpyridine (2.04 g), mixed with water (50 ml), was reacted with potassium permanganate (4 g). 

The potassium permanganate was added in 0.5 g portions over a 4 h period to the stirred solution. The  
temperature of the reaction mixture was raised to 40 "C, and additional portions of permanganate (4 g) 
were added after 12 and 24 h. After 45 h the excess permanganate was decomposed by the addition of 
methanol. The  manganese dioxide was filtered off and thoroughly washed with hot water. The c011ibiiied 
filtrates were evaporated to dryness, the residue was redissolved in water (25 ml), and the pH of the solution 
was adjusted to  8.0 with dilute hydrochloric acid. A saturated aqueous solution of cupric acetate (50 ml) 
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was added, and the resultant precipitate of cupric nicotinate was filtered off and washed with water. The 
copper salt nras suspended in water and decoinposed with hydrogen sulfide. The mixture was filtered and 
the filtrate evaporated to dryness. The residi~e was crystallized from ethanol to yield nicotinic acid (Sf22 mg, 
47 %). 

Decarboxylation of ~Vicot inic  Acid 
Sicotinic acid (35 mg) was retluxed with quinoline (1 ml) and copper chromite (40 mg) for 20 min in 

a streall1 of nitrogen. The liberated carbon dioxide was passed through a so lu t io~~  of 2 N sulfuric acid (to 
remove pyridine vapors), and the11 trapped in etharlolamine- methyl cellosolve or barium hydroxide 
solution. The yield of carbon dioxide in the reaction was OIYO of the theoretical yield. 

Degradntzon of tlze Pyridine Ring 
Sequential degradation of the plridine ring was acco~nplished by previously described  neth hods (36, 37). 

T h e  a u t h o r s  are i n d e b t e d ,  a n d  e x p r e s s  t h e i r  a p p r e c i a t i o n ,  to Dr. L. C. 'L.ining for 
nccess to some u n p u b l i s h e d  1\-ork coi lcerned \\-it11 the b i o s j ~ n t h e s i s  of f u s a r i c  a c i d  by 
liz~sarrur?z orthoceras App. a n d  Wr. F i n a n c i a l  a s s i s t a n c e  from t h e  K a t i o n a l  Research 
C o u n c i l  is also gratefully ackno\\-ledged. 
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