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Abstract

The brown to black coloration found in plants isedio the melanins, which have been
relatively poorly investigated among the plant pegs. The aim of this work was to study
the dark pigment extracted from the black oat tuith respect to composition and structure.
Ultraviolet—visible (UV-Vis) spectroscopy, electroparamagnetic resonance (EPR)
spectroscopy, matrix-assisted laser desorptiordaion-time of flight mass spectrometry
(MALDI-TOF MS) and Fourier transform infrared (FR) spectroscopy were applied for the
characterization of the pigment. UV-Vis spectroscopvealed that the extracted material
displayed the absorption profile typical of melainMALDI-TOF MS measurements
demonstrated that oat melanin is a homopolymet hpilfrom p-coumaric acid and consists
mainly of low molecular weight (500-900 Da) oligoraef between 3 and 9 monomer units.
The tetramer oligomer proved to be dominant. Tiselte of the FT-IR analysis indicated that
oat melanin is a fully conjugated aromatic systemtaining tetrasubstituted aromatic rings
linked by C-C coupling. Then vitro preparation of melanin fronp-coumaric acid by
horseradish peroxidase was performed for compari§be resulting polymer consisted of
oligomers of 4 to 9 monomer units similarly to taaa oat melanin. However the building
blocks proved to be connected to each other via-C-ihkages in contrast with the C-C
linkages in oat melanin. This is the first demoaistn of the structure of melanin originating
from plants.
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1. Introduction

Among the plant pigments the chemistry, biochemistnd biosynthetic pathways of the
flavonoids responsible for the pale-yellow to baadoration and the yellow to red carotenoids
and betalains have been thoroughly investigatetdla et al., 2008; Grotewold, 2008).
contrast the origin and nature of the black colorain plants have been poorly studied
(Nicolaus, 1968).

The brown to black pigments found in animals, mocganisms and plants are melanins,
pigments that are not essential for development, rather have a defensive role in all



organisms. In man and other vertebrates, melaninstibn in camouflage (Morison, 1985)
and photoprotection (Ortonne, 2002). Melanins motéungi against microbial and
environmental stresses such as UV irradiation eicdation. (Bell and Wheeler, 1986). In the
plant kingdom, the intensity of melanin formatiosm often correlated with resistance to
microbial and viral infections and unfavorable ditic conditions (Bell, 1981). The response
of plants to bruising or cutting likewise includié® production of melanins (Marshall et al.,
2000).

Melanins are biopolymers formed from phenolic coomuts by polymerization via quinones.
The production of quinones is catalysed by the pludases.

Melanins can be classified on the basis of theatprsor molecule. In animals, the black
eumelanins and the reddish-brown pheomelaninsareed from tyrosine. Melanins in fungi
and other microorganisms are derived from tyrosiae3,4-dihydroxyphenylalanine (DOPA),
y-glutaminyl-3,4-dihydroxybenzene (GDHB) or catech@nd 1,8-dihydroxynaphthalene
(DHN) (Bell and Wheeler, 1986). It is believed thia precursor in plants is catechol, caffeic,
chlorogenic, protocatechuic, or gallic acid (Sola2@14), but there is not yet evidence.

The structures of melanins have rarely been studiiedto the difficulties in the isolation of
melanins from natural sources and the poor sotylofi the pigments. Melanins are insoluble
in water and common organic solvents (such as leexaroroform, ethyl acetate, ethanol,
methanol or acetone) (Sava et al., 2001a; HsielLeamg 2012; Wang et al., 2006) and can be
dissolved only in alkaline solutions. The rangexedilable structural investigation methods is
therefore limited. Knowledge of the structure haserb derived largely from chemical
degradation studies and the analysis of pigmentshstizedin vitro from the presumed
precursor monomers. (Napolitano et al.,, 1996a, k960 date, detailed accounts of the
structural elucidation of melanins have been regubdnly in the case of the nitrogen-fixing
bacteriaAzotobacter chroococcurfBanerjee et al., 2014) argkpia officinalis(Pezzella et
al., 1997). Both pigments proved to be eumelanuik bp from 5,6-dihydroxyindole and/or
5,6-dihydroxyindole-2-carboxylic acid monomer uniténalytical methods have been
established for the quantitative determination winelanins and pheomelanins, in view of
their important role in skin and hair pigmentatiothe methods are based on oxidative
degradation of the biological samples followed lighhperformance liquid chromatographic
guantification of specific degradation product® @nd Fujita, 1985; Napolitano et al., 2000).
Despite their frequent occurence, plant melaning leeen poorly investigated, generally in
studies limited to their isolation and character@aof their physical and chemical properties
(e.g. solubility, stability and oxidized bleachin@f}laussen and Pepper, 1968; Sava et al.,
2001a). Little structural information is availableamely the pigment is devoid of nitrogen
and the C/H ratio of 1.11 indicating an aromatituna

Oat is a cereal crop primarily used as animal fodolet an increasing amount is now being
grown for human consumption, following the recestagnition of its nutritional benefits.
There are several oat subspecagena sativaandAvena byzantinare the most commonly
cultivated in the world. The oat grain is comprisgdhe hull and kernel (groat). The whole
oat usually consists of 25-35% hull, depending amirenmental and genetic factors, but
there are naked oat cultivars td@offman, 1961) The hull varies in color in the different
varieties, the most common colors being white,opellreddish-brown and black. The hull
mainly consists of hemicelluloses, cellulose arghih (Rasper, 1979). It also contains
proteins (Welch el al., 1983) and phenolic compasuimmdiow quantities (Chen et al., 1982).
No data are available as concerns the pigmentemresthe hull.

The objective of the present study was to charaeteghe dark pigment extracted from the
black oat hull with respect to its composition atdicture. The analytical techniques applied
for the characterization of the pigment includettaviiolet-visible (UV-Vis) spectroscopy,
electron  paramagnetic resonance (EPR) spectroscopyatrix-assisted laser



desorption/ionization-time of flight mass spectrortpe(MALDI-TOF MS) and Fourier
transform infrared (FT-IR) spectroscopy. The bigpoér synthetizedn vitro from the
presumed precursor monomer by peroxidase-initigbetymerization was studied for
comparison.

This is the first report related to the structurhhracterization of melanin originating from
plants.

2. Resultsand Discussion

2.1. Characterization of the dark pigment obtained from oat hull
The black pigment of the oat hull was isolated fribra plant matrix by alkaline extraction.
Purification was performed according to Sava et(2001b). The multistep process started
with acid hydrolysis to remove carbohydrates amatgins, which was followed by washing
with organic solvents to remove lipids. The fingdpswas a repeated precipitation to eliminate
phenolic compounds. As a result of the extractioeh purification 5 mg pigment was obtained
from 1 g oat hull.

2.1.1. UV-Visand EPR spectroscopy
UV-Vis spectroscopy and electron paramagnetic r@so& spectroscopy were applied to
identify obtained melanin.
The UV-Vis spectrum of the extracted and purifieghpent is shown in Suppl. Fig. S1. The
absorbance increases progressively towards shaeverelengths and there is strong
absorption around 200 nm. This broadband, struetsseabsorption profile monotonously
increasing function of energy is typical of the arehs (Crippa et al., 1978).
Melanins can be identified as paramagnetic biopelgndue to the presence of stable free
radicals. Free radicals can be easily observed legtren paramagnetic resonance
spectroscopy. The EPR signal (Fig. 2) of the dagknent extracted from oat hull appears as
a singlet, without any fine structure similarlyttee EPR spectra of other synthetic and natural
melanins from different origin (Mason et al., 19&):Obeid et al., 2006). The g value of the
signal was calculated to be 2.0051 typical to carbentred organic free radicals on a
conjugated structure with oxygen containing funaaiogroups (Atherton et al., 1993).

2.1.2. MALDI-TOF mass spectrometry
MALDI-TOF MS is a powerful method to obtain strucbinformation on the polymers such
as the degree of polymerization, and the moleculasses of the repeating units, and the
oligomers (Nielen, 1999).
The MALDI-TOF mass spectrum of oat melanin (Fig. rBsembles those of synthetic
homopolymers. It is characterized by a series akpeepresenting oligomers with different
degrees of polymerization. The spectrum refleces dhgomers in their potassium adduct
form. Because of the high cation affinity of thdymoers, their ionization often takes place by
cationization (Knochenmuss et al., 1998). The peabeak distance which is the molecular
weight of the repeating unit is 162 Da. As the nmmecs are linked to each other, the
molecular mass of the monomer can be calculate2tHd®a). The allomelanins are known
to be formed from phenolic compounds by phenolsédanzymes. Phenolic acids in plants
can be divided into two groups: hydroxylated demes of benzoic and cinnamic acids (Fig.
3). The hydroxybenzoic acids inclugehydroxybenzoic, protocatechuic, gallic, vanillinca
syringic acids, which in common have a C6—C1 stmgctThe hydroxycinnamic acids, on the
other hand, contain a three-carbon side-chain (@B~@ith p-coumaric, caffeic, ferulic and
sinapic acids being the most common (Balasundraai.,eR006). In view of their structure
and the calculated molecular weight of the monoriteg obvious that the monomer |5



coumaric acid. The MALDI experiments demonstratieat tbat melanin consists mainly of
low molecular weight (500-900 Da) oligomers built itom between 3 and 9 monomer units,
the tetramer oligomer is dominant (Fig. 2). Largdymeric structures are not observed.
Interestingly, these results are consistent with fthdings of the structural investigation of
Sepia melanin and synthetic melanins (Napolitanal.etLl996a, 1996b; Pezzella et al., 1997)
despite being formed from completely different dunf blocks. The main difference is that
this plant melanin is homogeneous, in contrast whh heterogeneous animal and bacterial
melanins.

Our results are novel not only as concerns meldwim,for other reasons too. Among the
hydroxycinnamates, only ferulate oligomers (dimé&imers and tetramers) have already been
isolated from plants (maize, wheat and rye) (Bun2@lL0). They act as cross-links between
the cell wall polymers (polysaccharides, proteind Bgnin), contributing to the strengthening
of the cell wall and the defense mechanisms ofplhats against pathogens. No data have
been published previously in connection with eithprcoumarate oligomers or
hydroxycinnamate oligomers, in general from pentanh@ octamers, obtained from plants.

2.1.3. FT-IR spectroscopy
FT-IR spectroscopy is a powerful tool for identimn of the characteristic functional groups
and their changes as a result of polymerizatiomodgh this, therefore, the structure of the
polymer can be predicted. The FT-IR spectra of phesumed precursor monomegyr (
coumaric acid) and oat melanin are shown in Fig. 4.
p-Coumaric acid is a hydroxycinnamic acid and thesjpectra of the monomer and the
polymer should therefore display the characterigiiisorption of the phenolic OH, the
aromatic ring, and the methylene and carbonyl gsoup
Phenolic OH
The stretching vibration of the phenolic (and casihic) OH group appears in the region
3400-3100 cit. The band broadening related to the inter- andanmblecular hydrogen
bonding is more pronounced for the melanin samipleoth IR spectra, the strong absorption
band observed at 1210 €noriginates from the C-O (stretching) deformatidritee phenolic
hydroxyl group (Kavamura and Higoushi, 1969). lan®@ bending modes of the phenolic
(and carboxylic) OH are located at 1423 (Varsaifi73) and around 1370 &nin both
compounds. Thus, there is a phenolic OH group enotit melanin sample, and consequently
it does not take part in a C-O-C linkage betweennfonomer units.
Methylene and the carboxylic groups
In the IR spectra op-coumaric acid, the absorption band at 1625'dm caused by the
stretching vibration of the C=C bond. The out-cdsp C-H vibration characteristic of a
disubstituted double bond witinans configuration is present at 977 ¢mBecause of peak
broadening these absorption bands can not be ausdarv the oat melanin spectrum.
However, the presence of the C=C bond in the melaample is proved by the position of
the C=0 stretching vibration characteristic of taboxyl group. When a carboxyl group is
conjugated with an olefinic bond, the C=0O stretghitibration appears at around 1690 tm
(Mohan, 2002). This band is located at 1696 dior the melanin sample, but it is shifted
toward lower frequency (1668 ¢in the case of the monomer, due to the dimednatia
an intermolecular hydrogen-bond. Oat melanin tloeeefposseses a carboxyl group
conjugated with a C=C group.
Aromatic ring
One of the aromatic C-C stretching vibration baimdhe IR spectrum of the melanin sample
is located at 1591 cfwhile it is observed as a doublet at 1600 and 1389 in the case of
the monomer. In substituted benzenes this quadteetthing (at 1600 ch) of the C-C bond
is not sensitive to changesantho, metaor para substitution. (Colthup, 1990). However, the



other C-C stretching band has two components: ori&®0 cn', characteristic of phenyls,
and the second at around 14467crelating to the substitution pattern of the ardmang
(Mohan, 2002)The first component is located at 1510"tin both IR spectra. Differences
were observed for the second component, indicaliffgrences in the substitution pattern: the
absorbance in the melanin appeared at 1462 witile p-coumaric acid exhibits a band at
1446 cnt.

The IR spectrum of the monomer contains bands #0,11103 and 1013 c¢indue to the
vibration of the aromatic in-plane C-H bends. Tht@ation pattern of the melanin sample is
completely different in this region: two bands ampat 1157 and 1124 ¢hand there is a
strong band at 1026 ¢

The out-of-plane aromatic C-H bend vibrations (87 cm') can be regarded as structural
identifiers. Their intensities and positions ararettteristic of the substitution pattern of the
aromatic ring. In the IR spectrum pfcoumaric acid, there is a sharp band at 827 typical

of para substitution. The situation is completely differémtthe case of the melanin sample:
there are weak bands at 860 and 844'@nd a medium band at 800 ¢nindicating to
tetrasubstitution of the aromatic ring (Socrat€$)4).

In a study of the peroxidase-catalyzed polymemratof caffeic acid, Xu et al. (2005)
observed two weak bands at 850 and 843 amd a strong band at 800 ¢nThey attributed
these bands to the out-of-plane deformation vibratof two isolated H atoms, which
corresponds to tetrasubstitution of the aromatig.ri

We can conclude that absorption bands charactemstithe carboxylic and phenolic OH
groups and the olefinic bond can be identifiedha tR spectrum of oat melanin. Only the
vibration bands characteristic of the aromatic remg@ changed relative to those in the
spectrum of the monomer. It follows that oat melanivolves an aromatic system containing
tetrasubstituted aromatic rings. With regard topgbsesible resonance structures of the radical
(Fig. 5) the melanin polymer may be formed by theical coupling of thél. intermediate.
Consequently, we may surmise the following struetfroat melanin (Fig. 6).

2.2. Characterization of the enzymatic polymerization of p-coumaric acid

The plant melanins are formed from phenolic acigl®xXidative polymerization catalyzed by
polyphenol oxidases. Our results suggest that ti@omer of oat melanin {g-coumaric acid
and we therefore attempted tinevitro enzymatic synthesis of melanin frgecoumaric acid.
From practical considerations peroxidase was usstead of polyphenol oxidase. The
difference between peroxidases and polyphenol sgglés that the former require hydrogen
peroxide as oxidizing agent, while polyphenol osiega need oxygen. Peroxidases are
generally used as catalysts in the oxidative pohaagon of aromatic compounds (Reihmann
and Ritter, 2006). The enzymatic polymerization wasated by the dropwise addition of
hydrogen peroxide to the mixture of the monomer #red enzyme. Immediately after the
addition of the oxidant, the mixture turned blacidicating the formation of quinones, and
then changed to orange. The rusty-colored polymetipitated after continuous stirring for
36 h.

To establish whether melanin was produced fpaooumaric acidn vitro, the structure of the
product was investigated by UV-Vis, FT-IR spectamcand MALDI-TOF MS.

2.2.1. UV-Vis spectroscopy

The UV-Vis spectra ofp-coumaric acid and the polymer are presented in FigFour
absorption bands overlapping in pairs are charnatiteof the monomer, corresponding to the
substituted aromatic ring (210 nm and 310 nm), @C bond in the side-chain that is
conjugated with the aromatic ring (290 nm) and ¢bajugated C=0 group attached to the
ring by a side-chain containing a double bond (224) (Bartolomé et al., 1993). The



oxidative polymerization leads to changes in thsogtion bands corresponding to the
aromatic ring, and particularly the band at 210 itnrseems that the absorption bands of the
chromophores in the side-chain (224 nm and 290 werg not affected by the enzymatic
reaction. The monotonously increasing absorptiovatd higher energies typical of melanins
can be observed only in the range 200—-240 nm. ytthierefore be concluded that the product
of thein vitro enzymatic oxidation gf-coumaric acid is similar in part to the naturallamén
obtained from the oat hull.

2.2.2. MALDI-TOF measurements

Fig. 8 depicts the result of the MALDI-TOF MS ansil/of the polymer sample prepaiad
vitro. The overall peak distribution pattern is simitarthat observed for the oat melanin
sample. However the spectrum displays some higingity peaks and a series of lower-
intensity peaks in contrast with the peaks withcsgsively decreasing abundance in the
spectrum of oat melanin (Fig. 2). Mass difference$62 Da are observed between the pairs
of peaks and the individual peaks@iz536 and 580m/z698 and 742n/z860 and 904m/z
1022 andn/z1184. These results indicate that oligomers amadd fromp-coumaric acid on
reaction with horseradish peroxidasevitro. The oligomers were detected as ammonium ion
adducts because the sample applied to the MALDpgamarget was dissolved in ammonia
solution. The group of peaks from/z427 tom/z462 represent the different adduct ions of
the decarboxylated trimer and ions related to tfse@hydroxybenzoic acid (DHB) matrix.
They are enlarged in the inset. The peaka/a680, 742 and 904 correspond to the oligomers
(n =4, 5 and 6, where n is the degree of polynaéion) formed by the loss of two carboxyl
groups. The lower-intensity peaksratz 698, 860, 1022 and 1184 (n = 5, 6, 7 and 8) are
assigned to the oligomers, formed by the loss mdettcarboxyl groups. It has already been
demonstrated that decarboxylation is a major factdhe formation of oligomers if the free
acids are used instead of the esters during trdatwxe/radical coupling of the cinnamates by
peroxidase, laccase or Mp@Bunzel et al., 2008). Besides the results onnoalanin our
findings with the polymer preparad vitro are also novelp-Coumarate dimers and trimers
formed on the use ofMomordica charantia peroxidase (Liu et al., 2007), and
dehydrotetramers formed on the use of onion peased(El Agha et al., 2012) have already
been described in model systems. Our present sedyonstrates for the first time the
formation of p-coumarate oligomers containing up to 8 monomettsuas a result of
peroxidase-initiated polymerization of this hydroxnamic acid.

2.2.3. FT-IR spectroscopy

FT-IR spectroscopy can provide information on passtypes of linkages between the
coumaric units in then vitro prepared polymer.

At first glance, the IR spectrum of the melaninganeedin vitro (Fig. 9) is similar to that of
oat melanin, though some differences are observed.

Phenolic OH

The broad band attributed to the stretching vibratf the OH group is located in the interval
3600-3000 crit similarly as for the oat melanin sample.

The C-O stretching vibration of the phenolic OH ypoappears as a slight shoulder of the
band at 1224 cthassigned to the antisymmetric C-O stretch of dliettyers (there is no other
band relating to the C-O stretch because the synu@tO stretching is absent in the case of
diaryl ethers) (Dahlgard et al., 1958). The presevicthis band suggests that the monomers
are linked by C-O-C bonds in the polymer.

Methylene and carboxylic groups

The stretching vibration of the C=0 bond charastariof the carbonyl group appears as a
doublet at 1687 and 1659 ¢nin contrast with the broad absorption observedthier oat



melanin sample. Splitting or broadening of the oaslh absorption is typical fow,p-
unsaturated, conjugated systems because they Wwaveotational isomers possessingis
and strans conformations (Vyvyan et al., 200&jowever, the evidence for the presence of
the C=C bond is not only circumstantial. The strgtg vibration and the C-H out-of-plane
bending vibratiorof the olefin bond can be observed at 1628 @nd 974 cni, respectively.
The C=C bond ofp-coumaric acid was therefore not changed by theyreatic
polymerization.
Aromatic ring
Aromatic skeleton vibration bands, which are ndiugnced by the substitution of the ring are
located at 1597 cthand 1504 cill in the IR spectra of oat melanin apdoumaric acid. The
second component of the semicircle stretching titma which reflects the substitution
pattern, appears at 1487 ¢nThis band is characteristic of 1,2,4-trisubséitlaromatics.
Aromatic in-plane C-H bands are found at 1167 afdd9lcm'. In the spectra of the
investigated compounds these bands appeared extedifffrequencies.
The out-of-plane C-H bending vibration bands cahdate the positions of the substituents on
the aromatic ring. The bands at 864 and 827 can be assigned to the bending vibration of
an isolated hydrogen and two adjacent hydrogerspentively. Similarly to the vibration
bands of the aromatic skeleton, these absorptiosaonfirm, that the aromatic ring is
trisubstituted as a result of the polymerizatioagi@ates, 2001).
The IR spectra suggest that theoumaric units are ether-linked (C-O-C) in theypoér
preparedn vitro and the aromatic ring is 1,2,4-trisubstituted. §;haf the mesomer structures
of the radical formed from the monomer by the acid horseradish peroxidase (Fig. B),
andll. can be coupled to build up the polymer. The predastructure is illustrated in Fig.
10.
The findings that the polymer is composed of oxyptene units is consistent with literature
results on the enzymatic polymerization of phenotecnomers (Aktas et al., 2003; Ikeda et
al., 1998; Marjasvaara et al., 2006). In consegeiesfcthe C-O-C coupling, the synthetic
polymer can not be regarded as a fully conjugatediesn. This is the explanation of the
strong UV absorption missing around 210 nm.
Our attempts to prepare melammnvitro in order to compare the structures of the natamal
synthetic biopolymers and to prove that oat melasibuilt up fromp-coumaric acid were
successful partially. Similarly to oat melanin gyanthetic polymer consists of oligomers of 4
to 9 monomer units. However, the building blocks eonnected to each other via an ether
linkage in the biopolymer prepared vitro in contrast with the C-C linkage found in oat
melanin. Similar phenomenon was observed by Lial.g2007) during their investigations of
the surface-induced enzymatic polymerization ofetafacid in comparison with the solution
polymerization. They concluded that the polymer Yaamed by C-C ring coupling from the
monomer previously bonded to the surface, whilenlgaaromatic ethers were produced as a
result of the solution polymerization. This struedudifference was attributed to the surface
organization and orientation of the monomer. Imfdaphenolic acids occur partially in free
form, but they are mostly ether-linked to lignirrdbgh their OH groups and ester-linked to
structural carbohydrates and proteins through ttaioxyl groups (Bunzel, 2010) may be
surmised that the orientation pfcoumaric acid by the cell wall polymers contrilsite the
formation of the C-C linkages between the aronatigs.

3. Conclusions
The present paper has described a structural igaésh of the dark pigment derived from
black oat hull. By means of UV-Vis spectroscopy &R spectroscopy, the pigment was
identified as melanin, while MALDI-TOF MS and FT-IRpectroscopy proved that oat
melanin is a homopolymer built up fropacoumaric acid. Then vitro preparation of melanin
from p-coumaric acid by the action of horseradish perasgdwas attempted for comparison.



The results indicated that both polymers consisblggomers of 4 to 9 monomer units.
However the building blocks are connected to edhbrovia C-C linkages in oat melanin, in
contrast with C-O-C linkages in the polymer preparevitro. The orientation op-coumaric
acid by the cell wall polymers may be presumedatatribute to the development of the C-C
coupling of the aromatic rings in oat melanin.

4. Experimental
4.1. Chemicals
All solvents were HPLC grade and purchased fidatar Chemicals (Hungary). Horseradish
peroxidase (donor-H,O, oxidoreductase, EC 1.11typ& ZZ 230 units/mg) was obtained as
lyophilized powder from Sigma (Hungary)-Coumaric acid and 2,5-Dihydroxybenzoic acid
(DHB) was obtained from Sigma.

4.2.Plant material
The Hungarian black oat variety GK Kormoran waswgroin an experimental field in
Kiszombor, Hungary in 2013. After harvesting thaigs were stored at 4 °C in the dark. The
grains were dehulled manually and the hull wasedilio 0.5 mm particle size in a Retsch
Mixer Mill MM 400.

4.3. Isolation and purification of the oat melanin
The melanin was isolated from oat hull and purif@eddescribed by Sava et al. (2001b) with
some modifications. The grounded oat hull (0.5 gswuspended in 0.5 M NaOH (6 ml) in a
screw-capped glass tube. The sample was heatemBITa250 ETG thermostat at 100 °C for
1 h with vortexing in every 15 min. After subsequeentrifugation at 10,000 rpm for 10 min,
the supernatant was filtered through a GF/B glassafiber filter and acidified with 7 M HCI
to pH 2.5. To obtain the crude melanin, the mixtwees stored at room temperature for 12 h.
After centrifugation at 10,000 rpm for 10 min, 7CI (3 ml) was added to the residue and
the suspension was hydrolyzed at 100 °C for 2 . fEBulting suspension was centrifuged at
10,000 rpm for 10 min and the residue was wash#uwater until the supernant was neutral.
The brown-black solid material was washed in tuithh whloroform, ethyl acetate and ethanol
and then dried. After dissolution in 1 M NBH the solution was filtered and acidified with 1
M HC1. The precipitate was filtered off and washedh water. This dissolution and
precipitation cycle was repeated three times (®hwedh, 2001Db).

4.4.Enzymatic polymerization of p-coumaric acid

p-Coumaric acid was subjected to horseradish peageidtatalyzed polymerization at room
temperature under air in a mixture of 10 ml of anetand 15 ml of 0.1 M acetate buffer (pH
5), containing 2.5 mmol op-coumaric acid and 10 mg of horseradish peroxid#se.

stoichiometric amount of hydrogen peroxide (30 %uemys solution) was added to the
mixture dropwise at 15-min intervals under vigoraisring. The polymerization reaction

was performed for 48 h. After removal of the solvesith a rotary evaporator, the polymer
that had formed was washed repeatedly (4-5 timék)water.

4.5.UV-Vis absor ption spectroscopy
Ultraviolet-Vis absorption spectra of the sampl&usons (0.1 M phosphate buffer, pH=8.0)
were recorded on a Hewlett Packard 8452A diodeyaspeectrophotometer in the interval
200-800 nm.

4.6.EPR spectroscopy



The EPR spectrum was obtained using a BRUKER EIgX$00 spectrometer (microwave
frequency~9.7 GHz, microwave power 1 mW, modulation amplitulleG, modulation
frequency 100 kHz). The EPR spectrum was simulatiél the “EPR” computer program
(Rockenbauer and Korecz, 1996).

4.7.MALDI-TOF mass spectrometry
Oat melanin isolated from GK Kormoran was suspendéqj1% trifluoroacetic acid. Melanin
prepared in vitro using HRP was dissolved in 2 %eags ammonia. An aliquot of the
samples was spotted onto the MALDI target platelandry before adding the matrix (20
mg/ml DHB in water). Mass spectra were recordedgiai REFLEX Il MALDI-TOF mass
spectrometer (Bruker, Bremen, Germany) in the p@siinear mode collecting 50-100 shots
for each samplenf/zrange: 100-2000). External calibration was perfxtrasing peptide
standards.

4.8.FT-IR spectroscopy
A Bio-Rad Digilab Division FTS65A/896 FT-IR Speatneter with a Harrick's Meridian™
SplitPea Single Reflection Diamond ATR Accessoryswesed to record the spectra. The
measurements were performed in the range of 40@edd at 4 cm* optical resolution and
256 scans were taken to achieve good signal t@ maiso.
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Figure Captions

Fig. 1. UV spectrum of the black pigment obtained fromdhaéhull.
Fig. 2. EPR spectrum of the black pigment obtained froendt hull.
Fig. 3. MALDI-TOF mass spectrum of the black pigment ob¢girirom the oat hull.

Fig. 4. Chemical structures and molecular masses of thermphenolic monomers identified
in plants.

Fig. 5. FT-IR spectra op-coumaric acid (a) and oat melanin (b).

Fig. 6. The possible resonance structures of the raditaireed fromp-coumaric acid.
Fig. 7. The proposed structure of oat melanin.

Fig. 8. UV spectra op-coumaric acid (a) and the vitro synthetized polymer (b).
Fig. 9. MALDI-TOF mass spectrum of tha vitro synthetized polymer.

Fig. 10. FT-IR spectra of then vitro synthetized polymer.

Fig. 11. The proposed structure of threvitro synthetized polymer.
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Fig. 1. UV spectrum of the black pigment obtained fromahé hull.
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Fig. 3. MALDI-TOF mass spectrum of the black pigment ob¢girirom the oat hull.
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Fig. 4. Chemical structures and molecular masses of thermhenolic monomers identified
in plants.
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Fig. 5. FT-IR spectra op-coumaric acid (a) and oat melanin (b).
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