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Abstnrct--The blacfr pigment from USZ#&J ~flZs spo”~ has been studied. Analytical data and 
degradation qx&nents show it to be r&ted to catecholmelanin. 

BROWN or black pigmentation is often noted in plants during normal growth or when 
tissues are injured and exposed to air 1. Although these pigments 
little is known of their structure and biological functioa. 

are widespread, very 

These dark pigments are so difficult to isolate that rescllarch had tmded to centre on 
the identification elf possible precursors (tyrosine, dopa etc.) and of enzyme systems 
capable of causing oxidative polymerization (tyrosinase, lacxase etc.). For example 
Bertrand3 found both tyrosine and tyrosinase to be present in dahlia tubers? 

Since in a single tissue numerous substances may cxxur which are susceptible of 
enzymic oxidative polymerizati& the identification of tyrosinase and substrates in 
dark plant tissues has not led to reliable conclusions as to the structure of the pig- 
ments responsible for the dark colouration. 

One of the first chemical reports on plant dark pigments was that of Griffoen: 
who isolated a black product from a Dyospvros heartwood, which by alkali fusion 
yielded catechol, protocatechuic acid and phloroglucinol. Wedekind? extracted a 
black amorphous substance from West-African ebony, whose elemental analysis 
suggested the molecular formula (C,H,O),. No identifiable product was obtained 
upon degradation. De Vriess isolated from Tcrgetes pa’&z fruits a black substance 
with an atomic ratio only slightly differing from C,(H&?),. More details are available 
on the structure of aspergillin, an alkali-soluble, black mctabolite of Aspe~gilltrs niger 

+ Part IV. R. A. Nicolaus, M. Piattelfi and E, Fattorusso, 7k~ro(lRdron 20,1163 (1964). 
l Part of this work ape as a short communication cm ITetm&ed?m Lettm No. 15,997 (1963). 
* This investigation was suppcxted in part by the Nationaf Cancer Institute, 
[M52044 and -05, Public Health Service, U.S.A. 
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8 G. Eertrand, C.R. Acad. Sci. (P&s) 122, 1215 (1896). 
4 7’he frllct that many tissues containing both precursor and enzyme do not pment pigmentation was 

ascribed to the ~~WXMX of inhibitors. 
) For example, tyrosine, dopa, tyramine, hydroxytyraminc and @nine were found in Savor hm~ 

my~&~ (p. C%meale and I. Carme, N&ew~s~~ 40,57 (1953)). 
0 K. Griffoen, fi&k. Ak&d. Wetm.rc+?. Amswdum 36,897 (1933). 
’ E. Wedekind, BY. D~scli. Chm. GM. -2363 (1935). 
8 M. A, De Yrieq Omf de mwmhg aam PApmelEwn by Tige!eqx~& L. em en@ m&e, Cbmywscicm 

Buurman, Lciden ( 1948). 
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van Tiegh. Quilico@ showed that this pigment of high mol. wt. contains C, H and 0 in 
a ratio of 5 : 4: 2, as well as a small percentage of N. In the aspergillin molecule there 
are carboxyl groups and phenolic hydroxyl grsups. The obtaining of mellitic acid by 
oxidation of aspergillin indicates the presence of condensed ring systems. Quilico 
also pointed out the close similarity between aspergiliin and humic acids, dark 
amorphous substances from soil and peat, which, like aspergillin, yield mellitic acid 
by otidative degradation. More recently, three black plant pigments were isolatedlO; 
a preliminary degradation study revealed that they were not of “indole” type, diflerent 
from the animal melanins studied thus far. 

Considering the level of present knowledge, more detailed studies on dark plant 
pipents appear to be desirable. 

Due to their insolubility, these pigments, like animal melanins, must be isolated by 
removing ail the other tissue components by means of solvents and hydrolysing agents. 
Since lignin is the most difficult tissue component to remove, we chose the lignin- 
free Ustihgr maydis DC. (corn smut, corn ergot) spores as starting material in order 
to isolate, purify and analyse a dark plant pigment. 

The spores, extracted with light petroleum and subsequently with ethanol, were 
kept in hydrochloric acid at room temp for 14 days. After washing with water and 
then with ethanol, the crude product was continuously extracted first with ethanol and 
then with tetrahydrofuran. It was further purified by prolonged treatment with hot 
hydrochloric acid. The resulting black pigment proved to consist of C, H and 0 as 
we11 as small amounts of N and inorganic matter. It was amorphous and completely 
insoluble in all solvents+ It contains acid functions which are esterified by methanol, 
and reacts with diazomethane to yield a red-brown product. When heated at 200”, 
it does not evolve carbon dioxide, and is nt>t apparently affected by hot hydriodic acid. 
Oxidation with hydrogen peroxide did not give any identifiable product. Pyrolysis 
gave small amounts of a single phenol, identified by chromatography and electro- 
phoresis as catechol. Among the: degradation products of alkali fusion catechol, 
protocatechuic acid and salicylic acid were identified. Since other phenolie acids were 
detected by paper chromatography, the presence of the o-dihydroxybenzenedicarbox- 
ylic acids I-IV was suspected. Acid IV, not reported in the literature, was prepared by 
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oxidation sf S-formylvrmillic acid to ~hydruxy-5gmethuxyis~ph~i~ acid and subse 
quent demethylation. None of these acids, which proved to be easily identifiable by 
paper chromatography, was present among the degradation products of ustilago- 
melanin. 

* A. Quilico, Ip@nmti mwi a&x&’ e wgetdi. Tip. Fusi, Pavia (11937), 
lo Part IV of this series. 
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The ~~~i~ redu~tiun csf ust~~ag~rne~anin at 2004 in the presence; of Pd-C yielded, 
besides catechol, smaller quantities of 3,3’,4~4~-~trahydr~xybipheny~* Reduction 
with sodium in pyridine afkwded small amounts of catechal. 

It is tr, be noted that these de~adat~~n products were abttined in vfsfy low yields. 
This can in part be justified by the fact that much of the silent was recovered at the 
end of each degrackttion~ On the other hand, the adoption of mc~re drastic experi- 
mental eorrzditirons to degrade a greater percentage of starting material did not give 
better results because of c~rn~~ete bre~d~wn of ~stilag~melanin into fra~en~ of RD 
structural significance. 

The results obtained from the degradation experiments suggest that the structure 
of ust~lag~me~anjn is efosely related t;o that of ~~h~~rnel~in. This dark paXymer, 

which can b?e prepared from catzehol by ~~dati~u in the preset or nc& &the Elmer 
is considered tr, be built up of catechol and o-quinone units, but it is unknown at 
what positions and by means of what bonds these units are linked together. 

Titration with alkali showed ~t~hulmel~n to cuntajn strongly acid funnies 
with dissaciatiqn constants in the region pK = 3-7. The presence of @non&d 
hydroxyl groups and/at carboxyl groups deriving from &dative ring splitting can 
account for these strongly acid dissociations. Titration curves showed also the presence 
of phenolic hydroxyl groups (pK = 8-1 X9). If one assumfts that a single phenolic hy- 
droxyl group per unit was titrated in the high pH region, about 54% af the polymer 
would consist of reduced phendic units, On the other hand, if two phenutic hydroxyl 
graups per unit were titrated, the polymer would contain about 24% of reduced 
units? 

In order to compare ustilagomefanin with catw=holmelanin, the latter was prepared 
by enzymic oxidation of catechol at pH 6% Like ustilag~mela~n, it was ester&d 
with methanol and reacted with diazamethane. The analytical data on ustilag~me~a~~~ 
atechdlmelanin and their derivatives are summarized in Table 1. 

A striking difference appears in the values of the methoxyl content af the pigments 
after reaction with dia~~~ethane~ A higher ratio between the number of phenol and 
quinlclne units in the synthetic melanin can account for this difference. 

Pyrolysis, alkali fusion, redutiion with sodium in pyridine and catalytic reduction 
of catechulmelanin gave the sitme products as in the case of ~s~lag~mel~in~ 

u H. S. Mawn in N. @cwdon, P@zew CW Gruwk AX New Ycwk (1953). 
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These resuhs indicate that ustilagomelanin is a “CatechoI polymer.‘” This hy- 
pathesis was supported by the examination of the nonacidic fraction of the! ethanolic 
extract of ~~~~Q~u maydis spores, which revealed the presence of a single phenof, . 
uk cateclkol. 

ESR spectrum of ustilagomelanin, which shows a well resolved triplet structure, 
is consistent with the hypothesis that the monomer is catechal. Furthermore, the 
cate~hof radical which gives rise to this triplet is pr~~bly b~~un~tiunal in the polymer, 
sin= it must retain 2 ring hydragen atoms to show this hyperfine structure.B 

As a consequence of the similarity between the natural pigment and the synthetic 
one, the data obtained from the biogenetic study of ~ate~h~~melan~n can be utilized in 
the study of ustj~ag~rne~an~n~ Previous researchI done in this field had demonstrate 
that the first step of melanogenesis from catechol is the formation of o-benzoquinone. 
It is not yet known how the reaction proceeds from there, According to Nelson 
er aL,f4 ~~benzuquin~~e gives rise to hydr~xyhydr~ui~~n~~ by reaction of hydr~xy~ 
hydroquinon: with cr-benzoquinone, catechol and hydroxyquinone are formed. 
Polymerization af the latter compound leads to catecholmelanin. 

n ----+ CATECHQLMELAN1N 

According to Mason,15 the key reaction i n mefanogenesis from 
condensation of o-benzaquinone according to the following scheme: 

2 

catecht>l is the 
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An examination of the products of low mol. wt. formed during the eazymic 
oxidation of catechol led to the isolation of the following compounds? 
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The formation of V, VI and VII shows that any one of the four urnsubstituted 
positions in catechol can be involved in oxidative coupling; the formation of VIII 
indicates that not only C-C but also C-O links are formed during melanogenesis 
from catechol. The results obtained from degradation of ustilagomelanin and cate- 
cholmelanin are in agreement with the presence of both C-C and C-0 linkages. 
The formation of protocatechuic acid by alkali fusion and of 3,3’,4,4’-tetrahydroxy- 
biphenyl by catalytic hydrogenation concords with the presence of C-C linked 
units. On the other hand, ether linkages may provide an explanation of the formation 
of catechol from the reduction on both pigments with sodium in pyridine. A plausible 
interpretation of the formation of salicylic acid from partial structures including ether 
linkages is illustrated by the following scheme: 

Further insight into the structure of these pigments was afforded by studying a 
simple catechol polymer of known structure formed by units bound through linkages 
of a single type9 uri. C-C. Oxidation of veratrole with ferric chloride yielded, along 

Ix x 
l6 W. G. C. Fcmyth and V. C. Quesml, Blloc&n. Bk@y.s. Actu 2!!!, 155 (1957); W. 6. C. Fmsyth, 

V, C. Q&e1 and J. B. Robwts~ Ibkt 37,322 (1960). 
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with other products, compound IX, m.p. 297-298”, whose highly symmetricaf struc- 
ture is apparent from the NMR spectrum, consisting in only two bands at 5897 and 
2~24~ (3: 1 ratio; OCH, and aromatic H respectively). Demethylation of IX with 
hydrobromic acid gave 2,3,6,7,10, I l-hexahydroxytriphenylene (X). When this com- 
pound was subjected to alkali fusion, a number of phenolic substances were obtained, 
among which protocatechuic acid was identified, whereas acid III was not found. 
ThereFore, the fact that no o-dihydroxybenzenedicarboxylic acid was obtained in the 
alkali fusion of ustilagomelanin and catecholmelanin does not rule out the presence 
in these pigments of catechol units linked by C-C bonds. 

EXPERIMENTAL 

All mps are uncorr~&& IR spectra were tak.en on a Perkin-Elmer Infracord instrument in KBr 
pellets and UV spectra on a Beckman DB spectrophotometer. NMR spectrum of IX was rec~rdd in 
CIX& solution (3 % w/v> with tetramethylsilane as internal reference, on a Varian Associam A-60 
spectrometer. Chromatograms were carried out on Whatman no. 1 paper (dexzending technique) 
using the following solvent systems: n-butanol-acetic acid--~&r (60: 15: 25; BAW); @oOS N HCl 
(HCI) ; CHCl,-MeOH-formic acid-water (100: 10: 0496 organic phase; CMFW) ; EtOH-33 % 
ammonia-water (80:4: 16; EAW). Electrophoresis on Whatman no. 1 paper was carried out for 1 hr 
at 16 V/cm in the following electrolytes : W5 M pyridine fonnate (PF); O-2 M borate buffer pH 897 
@OR). As spraying reagents, the following were used: 3 % ethanolic FeCI,; 2 % phosphomolybdic 
acid. 

Tentative identification of compounds was always substantiated by co-chromatography and co- 
electrophoresis with authentic specimens. Analyses were carried out by E. Thornmen, Dept, Org. 
C&m., Univtzsity of Basel, Switzerland. 

Iscrcalion of uSril4pom&3&. Spores of L&~!wo maydis (40 g), mechanically isolated from corn 
smuts, were continuously extracted with hot light petroleum b.p. 60-W’ for 12 hr and then with hot 
EtOH for 20 hr. After drying, the material (38 g) was suspended in cone HCl(300 ml) and kept at room 
temp for 4 days, Aflter addition of water (300 ml) the suspension was centrifuged and the precipitate 
washed 3 tima with 5 % HCl. The crude dark pigment was again suspended in cone WC1 and hydrolysis 
W;BS allowed to proceed for 18 days; the HCI solution was removed after 6 and 12 days and replaced by 
fresh cone HCI. After washing with 5% HCI, water and finally EtOH, the crude pigment (8 g) was 
continuously extracted with hot EtOH for 48 hr and then with hot tetrahydrofuran for 48 hr. The 
material (4.5 g) was treated with boiling azeotropic HCl for 90 hr, wash4 with 5 % HCI f 10 times) and 
with water (20 times} and finally dried over PIOb at $0’ for 48 hr in V~UO, thus obtaining 4*1 g of a 
black amorphous powder, insoluble in any solvent, which On calcinaticm left 1.3 % ash, (Found: 
C, 6297; H, 3-4; N, l-O% talc. on ash-free basis.) The pigment was not apparently modified by 
treatment for 30 min with boiling 57% HI. and did not evolve CO, when heated at 2roo” in Vaseline oil. 

A/k& firs&n of udvqpmdmin. To NaOH (3 g), KOH (3 8) and Na&O, (50 mg), fused in a 
P%crucible, ustilagclmelanin (2 g) was slowly added. The mixture was kept at 200” for 10 tin and after 
moling was dissolved in 2% Na,SpO, (150 ml). The solution was acidified with acetic acid (10 ml), 
cl-d by mntrifugation and extracted with ether (200 ml in 5 portions). From the combined ether 
extracts the solvent was removed in tvlcsro; the residue, dissalv& in a sat. NaHCO, aq, was extracted 
with ether (50 ml in 4 portions). The combined ether extracts, after washing with water, were evapo- 
rated to dryness; in the residue, dissolved in water (0-S ml), catechol was identified by paper chromatog- 
raphy in the solvents BAW and HCl and by paper electrophoresis in BOR (spray reagents: FeCls and 
phosphomolybdic acid). The acidic degradation products were recovered from the NaHC&solution 
by acidification with cone HCl and extraction with ether. Paper chromatography in the solvents BAW, 
HCl and CMFW and paper electrophoresis in the electrolytes PF and BOR (spray reagents: FeCl, 
and phosphomolybdic acid) showed the presence of protocatechuic acid and salicyfic acid. 

Reaction of usfilqgamlairrr with methand. A suspension of ustilagomelanin (500 mg) in MeOH 
(30 ml) sat. with dry HCl was kept at room temp for 48 hr. The pigment, collected by centrifugation, 
was wasbed with MeOH (10 times) and dried at 80” over PtOa in vc~cuo (490 mg). (Found C, 639; 
H, 4’6; N, l*O; OCHI, 3*3 % c&, on ash-free basis,) 

ReacGu~ of uslLt%ppmelmtfl with diiazom?fianee To ustilagomelanin (1 g’), suspended in ether 
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(10 ml), diazomethane (I 15) was added. Afm 12 hr, an additional amount (19) of d&methane was 
added and the suspension allowed to stand for 12 hr at room temp. The red-brown pigment was 
collected by centrifugation, washed with MeOH (3 times) and with ether (3 times) and dried at 80” over 
P&Is in tx~cuo (1 8). (Found: C, 64-9; H, 5.0; N, 1.7; OCH*, 1250% talc. on ash-free basis.) The 
pigment gave a negative test for methylenedioxy groups. 

ALTO&& of ust&pmelmrir. Ustilagomelanin (100 mg) in a Pyrex tube was heated to 450° in a 
slow stream of Nt. The material eondensed in the c&d zone of the tube was dissolved in EtOH (I ml) 
and analysed by paper chromatography (solvents: BAW and HCI) and electrophoresis (electrolyte: 
BOR). The papergrams, sprayed with FeCll and phosphomoiybdic acid, revealed the presence of a 
single phenol which was identified as catechol. 

Reductht of ~~~~~u~e~~~~ with sodium in pyribine. Ustilagomelanin (220 mg), anhydrous pyri- 
dine (1 ml) and Na (350 tn.@ were placed in a 30necked flask, fitted with a mechanical stirrer, a thermom, 
eter and a reflux condenser. The mixture was heated to 140” for 4 hr. After cooling, the mass was 
diluted &st with pyridine (6 ml], then with pyridine-water mixture 1: 1 (10 ml) and eventually with 
water (30 ml). After acidification with cone HCI and centrifugation, the solution was extracted with 
ether (50 ml in 5 portions). The ether extracts were combined and dried over NaPSO,. The solvent was 
removed in lic~cuo and the residue taken up in water (0*3 ml). The solution, anaIyzed by paper chro- 
matography (solvents: BAW and HCI) and electrophoresis (electrolyte: BOR), showed the presence of 
catecbof. 

CtzttzQ& Irydragent&on of usH$pmdimia. Ustilagomelanin (2 g), suspended in EtOH (100 ml), 
was hydrogenated at 200” and 200 atm for 36 hr in the presence of Pd-C (250 mg). Catalyst and 
unaf&cted melanin were removed by filtration; the filtrate was concentrated under red. press. to about 
5 ml and analysed by 2-dimensional paper chromatography, using water and the top layer of a benzene- 
acetic acid-water mixture (2 : 4 : l), in that order, as developing solvents. By spraying the chromato- 
gram with F&Is, only two substances were detected, which were identified as catechol and 3,3’,4,4’- 
tetrabydroxybiphenyl by comparison with authentic specimens. 

Prcpnrntion ~#Q&?j?@&t% Of cutec/K&n&&. C&echo1 (1 g) was dissolved in 1300 ml @OS M 
phosphate buffer at pH 6.8. After addition of 22 mg of mushroom tyrosinase (500 U/m@, a rapid 
stream of Q, was bubbled for 6 hr into the solution kept at 37O. After acidification with cone HCI, the 
dark precipitate was collected by centrifugation and washed with 1% HCl until cateehol was com- 
pIete1y removed. The catecholmelanin was then washed with water (3 times) and dried over P,O, at 
80” iis IJCYK~ for 48 hr (180 m@. (Found: C, 605; H, 3*2; N, l-4% talc. on ash-free basis.) Perman- 
ganate oxidation, alkali fusion, catalytic hydrogenation, reduction with Na in pyridine and pyrolysis of 
catecholmelanin were performed in the experimental conditions des&bed for ustilagome2anin and 
gave the same results. Analytical data of the products obtained from catecbolmelanin by reaction 
with MeOH and diazomethane (experimental conditions used for ustilagomelanin) are report4 in 
Table 1. 

&~+at&?n of cateehl in Ustilago maydis spores. U. mzydis spores (5 gl were continuously 
exwed first with hot light petroleum b.p. 60-80” for 12 hr and then with hot EtOH for 12 hr more. 
The EtOH extract W&Q taken to dryness and the residue dissolved in water (10 ml). The solution was 
extracted with ether (40 ml in 4 portions). The combined ether extracts, after washing first with a sat. 
NaHCO, aq and then with water, were evaporated to dryness. The residue was dissolved in water 
(@2 ml) and the solution used for paper chromatography (solvents: RAW and HCl) and electro- 
phoresis (electrolyte: BOR), using FeC1, and phosphomolybdic acid as spray reagents. The paper- 
grams revealed the presence of a single phenolic substance, identified as catechol. 

2,3-Dihyciroxyrerephtolic ucid (I). Acid I was prepared according to Schmitt and HahI+, R, in 
EAW O-37 (blue-grey with FeCl& 

3,~Dihydroxyplit acid (II). It was prepared according to Freund and Horst,l* & in EAW 0% 
fblue-grey with F&J,). 

4,5-D~Q&u~y@tf&c a&# (III). Acid III wm prepared acwrding to Spiith and Epstein,ls I?, in 
EAW O*l (cheep pn with FeCI,). 

4-W~~~~~sf~~~c acid. 
(20 ml), NaOH (2 9) was added. 

To a suspension of freshly prepared Ag# (1.16 g) in water 
With continued stirring at 55-60”, 1*96 g S~formylvanillic acid was 

17 R. Schmitt and H. Hahle, 3. Prcrrkt. Chm, 44,l (1891). 
Se M. Freund and F. Hors& &?r. DtscA. CI~ern. Ges. 27,332 (1894). 
I* E. Spiith and H. Epstein, fir. Dz&. Chem. Ges. 61, 334 (1928), 
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2,3,6,7,10,1 l-rre%~~~~xy~~~~~~~~~~ (XX), Water (4*5 8) wad adM dropwise with stirring 
under NP aE fy)om temp to a mixture of veratrolrr! (69 g) and FecI, (40% g). The mixture was warmed 
at 75” fm 20 min, After aaling, the precipitate was filtmd &and w&WE with Et0M, 5N HCt and 
finaUy water. The c&e product, dried at 120”, was purihd by ~~tQ~Fhy on B silicq$ CoIumn 
(2 x 37 cm), using GEM& as eluent. After cryWllizati~n from ace& acid and nxrystaliization from 
trifluaroacetk acid, IX {4*8 g) was obtained as c&urkss tleedles m.p. 297-29K (Found: C, 7018; 
EIs 606; 0CE13, 44-9. &Hs& requires: C, 7QS; H, 592; UCI& 456%; Mol. wt determined by 
ebtiioscapic method in chloroform = 412; c&c. for CtoH[& = 40&k) NMR spectnun of IX con- 
sists in only two bands at 5=89T and 2-24~ (3: 1 ratio; UC& and aromatic H rwypective~y). IR spc- 
trum of IX is rq~rted in Fig. 1. 

2,3,6,7~W,l I*~~#~vbroxy~~~~~ (XI)* Compound IX (200 mgf ~rzss r&Wed xuxder Ng fur 
15 hr with -tic acid (20 ti) and 48% HEir (28 ml), The ~lutiun, ~8s evaporated tc~ dv and the 
r&due crystalked from water to give X (140 mg), as cictk~~less m+p* > 31O*, (Found: C, 66+2; 
H, 3*81. C;IgHIIC?I requires: C, 66~67 ; H, 3.73 %.) By hating at 400’ a mixture of X (50 m@ and Zn- 
dust (500 mg] a cc&~rless sublimate was obtained. Its identity with tri#?nytene was proved by WV 
and IR spectra and mixed m.p. 
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