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Abstract—The diffuse reflectance Fourier-transform infrared spectra of the spore of the cultivated mushroom,
Agaricus bisporus, of the melanin isolated therefrom and of various synthetic melanins related to the native material
were recorded. These were prepared from y-glutaminyl-4-hydroxybenzene (GHB; the presumed precursor of melanin
in this fungus) as well as from simple phenol analogues of GHB, through auto- or enzyme-mediated oxidation and
with, or without, potential non-phenolic co-reactants. The spectrum of the spore is dominated by distinct IR
absorptions due to melanin, chitin and protein, while the isolated pigment is characterized mainly by the melanin
absorption band at 1600 ¢cm ™!, which can be attributed primarily to aromatic groups whose signal is enhanced by
phenol functionalities and, to a lesser extent, by amido groups. In addition, pronounced alkyl and carbonyl absorption
bands were observed, and there is evidence of extensive C--O and C—N bonding in the biopigment. The spectrum of the
melanin made from GHB through enzyme catalysis (phenolase, EC 1.14.18.1/1.10.3.1) most closely matched that of the
biopigment. Use of 4-aminocatechol (AC) instead of GHB afforded a product which was similar to the native melanin,
whereas the pigment obtained by air oxidation of 4-aminophenol (AP) was largely dissimilar. Cross-linking of the
reacting phenol with protein was apparent in the melanin formed enzymatically from AC, but no evidence for such
reactivity was present in the AP-derived melanin. Preformed chitin did not become incorporated into either synthetic
melanin. The fungus does not synthesize melanin from AP, nor directly from GHB, but from AC in a proteinaceous
environment represented in part by the phenol oxidase itself.

INTRODUCTION of synthetic products related to the relevant native mater-
ial represents another, complementary approach in
tackling this problem and has been performed previously
with tyrosine- and tryptophan-derived melanin [8-13].
Neither of these types of melanin occurs in fungi [3, 4].
The present study was carried out with the following
aims: (i) to gain further insight into the identity of the
phenolic melanogenic educt of A. bisporus, (it) to provide
additional evidence for the tent [14] that phenolase-
catalysed synthesis of melanin results in covalent binding
of the enzyme to the polymeric reaction product, and (iii)
to analyse whether the ‘melanin reactivity,” as described
in ref. [15] for example, also involves other components
of the wall. The choice of analytical method, DR FT-IR
spectroscopy, was guided by its advantages over similar
techniques; namely, detection of extremely low amounts
of solid insoluble material, obviation of problems of
sample preparation [16] and previous application to a
variety of complex biomaterials such as coal [17, 18].

The melanin of the common mushroom Agaricus bispo-
rus (Lange) Sing., a basidiomycete, appears to be distinct
from that of ascomycetous fungi inasmuch as y-
glutaminyl-4-hydroxybenzene (GHB), and/or its deglu-
taminyl derivative, 4-aminophenol (AP), serves as the
phenolic precursor educt [1-47. The pigment is located in
the wall of the spore [5], where it occurs in the form of
electron-dense grains of restricted size range [6]. Since
there are a variety of potential co-reactants present at the
site of melanogenesis, including chitin, #-1,3-glucan and
protein [5], the natural pigment material presumably
contains covalently bound non-phenolic residues, even
when present in an extensively solvent-purified form.
Because of its complex heteropolymeric nature and ex-
tremely poor solubility, detailed structural features of a
melanin cannot be successfully elucidated by straightfor-
ward, classical methods alone (see ref. [7]). The analysis
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efficacy of the isolation procedure (Fig. 1), as shown by
the disappearance of the intense features centred at
1060 cm ™ in the spectrum of the spore and in a diminu-
tion of the relative intensity of the bands between 1700
and 1500 cm ~ . In fact, one of the least intense significant
features in the IR spectrum of the spore, at ca 1200 cm ¢,
becomes one of the most prominent characteristics in the
spectrum of the isolated native melanin. The spectrum of
the purified melanin also displays a large relative absor-
bance in the 1500-1100cm ™! region, attributable to
substantial C-O and C-N functional groups. In addition,
the presence of aromatic species with extensive phenolic
substituents is probable, as are amino and amide groups,
highly conjugated quinone species, and carboxylate func-
tionalities, all of which would contribute both to the
relatively intense 1600 cm™! band and to additional
absorption features in the fingerprint region (2000-
600 cm ™). The presence of aliphatic material is evident in
both spectra by the set of bands centred at 2950 cm ™!
{due to C-H stretching) amid the broad absorbance due
to O-H and N-H bond stretching. Additionally, there
are distinct absorption bands in the spectrum of the
purified melanin near 1400 cm ™! that are also due to
aliphatic groups.

The procedure proposed by Piatteli et al. [19] to
isolate melanin from fungi involves treatment with 20%
HCl for an extended period and leads to removal of non-
polymerized material and degradation of most of the
biopolymers, with the exception of the structures that
possess a covalent acid-resistant linkage to the phenolic
polymer. The possibility, therefore, exists that the final
isolate could contain (some) residual protein as well as
chitin (see Introduction). This was queried by analysing
the IR spectra of phenolase and chitin from A. bisporus
(Fig. 2). Both spectra possess strong absorbance bands
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Fig. 1. DR FT-IR spectrum of (a) the 4. bisporus spore, and
(b) the isolated melanin therefrom.
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Fig. 2. DR FT-IR spectra of polymers present at the site of

melanin deposition in vivo (the wall of the mushroom spore) and

in the incubation mixture used to synthesize melanin in vitro (see

also caption to Figs 4 and 5): (a) phenolase and (b) chitin, both
from A. bisporus.

which can also be seen in the spectrum of the native
melanin (Fig. 1b). This is particularly noticeable in the
strong amide absorption bands of the enzyme protein at
1550 and 1650 cm ~'. Chitin, on the other hand, displays
one intense feature centred at 1060 cm™! due to stret-
ching of the C-O bond in the N-acetylglucosamine
residue, while the spectrum of the isolated material—in
contrast with that of the spore (Fig. 1a), which shows
absorption features due to chitin—displays only limited
absorbance at this wavenumber, Thus, whereas the native
melanin definitely contains protein, there is a negligible
amount of residual chitin present. The C-H, N-H and
O-H stretching frequencies from 3600 to 2400 cm ™! also
show some, minor, similarities between the spectra of
isolated melain and phenolase and chitin (compare
Fig. 1b with Fig. 2), indicating the presence of aliphatic,
amino, alcoholic, phenolic, and carboxylic acid groups.

The IR spectra of the three phenol compounds, namely
AP, AC (4-aminocatechol) and GHB, used to prepare the
synthetic melanins are given in Fig. 3. Besides the sharp
absorption features in the 1700-1500 cm ™! part of the
fingerprint region (note the large relative absorption
caused by the amide bond in the spectrum of GHB), these
spectra display characteristic amine absorption bands in
the region 3300-2300 cm ~!. This is most apparent in the
doublet centred at 3250 cm ™! in the spectrum of AP,
indicating the primary amine: the corresponding doublet
for AC is only partially observable, being obscured by
strong background absorption of O-H bonds, while the
single band at 3250 cm™! in the spectrum of GHB
denotes the presence of the secondary amine.

It is apparent from Fig. 4, with AP as the melanogenic
phenol, that—regardless of whether the conditions for
melanin synthesis are autoxidative or enzyme-catalytic or
whether protein and chitin are present or whether there is
a large molar excess of AP relative to BSA (bovine serum
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Fig. 3. DR FT-IR spectra of the phenolic educts used to prepare

synthetic melanin (see also captions to Figs 4 and 5). (a) 4-

aminophenol (AP), (b) 4-aminoacetechol (AC), and (c) y-
glutaminyl-4-hydroxybenzene (GHB).

albumin)}—the synthetic melanins thus formed consisten-
tly result in the same chemical structure as judged by their
DR FT-IR spectra. (Only the fingerprint region is shown,
as the C-H, N-H and O-H stretching region does not
afford any detailed information for purposes of com-
parison.)

The ortho hydroxylation of any phenol, particularly if
non-enzymatic, is known to be a slow process [20], but
once the catechol has been formed a variety of quinoid
products are rapidly generated resulting in an augmented
ability to randomly polymerize to a multitude of slightly
different melanogenic species. The melanin prepared
autoxidatively with AC does not, therefore, exhibit any
distinct features in its DR FT-IR spectrum (Fig. 5a), but
rather shows broad unresolved bands that cuiminate in a
maximum absorption at approximately 1250 cm ™! (see
Fig. 5a). Nevertheless, there is some resemblance to the
spectrum of native melanin (Fig. Se), with the exception of
the intense band at 1600 cm™!. When phenolase-cata-
lysed melanin synthesis with AC (molar ratio 1300:1,
phenol-protein, M, = 110000 [21]) takes place in the
presence of a metallothionein (molar ratio 110:1,
AC-protein, M, = 2000 [22]) the reaction intermediates
generated from the diphenol could be surmised to become
cross-linked with the metallothionein, as well as with the
enzyme itself. This can be assessed by comparing the
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Fig. 4. DR FT-IR spectra of synthetic melanins prepared by
using AP under various conditions: (a) autoxidation of AP
(200 mg); (b) as (a) but in the presence of protein (BSA, 200 mg);
(c) as (b) but in the presence of chitin (15 mg, fine suspension);
(d) enzyme-catalysed oxidation (phenolase, 15mg) of AP
(200 mg); (e) as (d) but in the presence of protein (BSA, 200 mg);
(f) as (e) but in the presence of chitin (15 mg, fine suspension).

resultant spectrum (Fig. 5b) with that of chemosynthetic
AC-derived melanin (Fig. 5a): an increase in the absorp-
tion in the 1600 cm ™! region (amide bonds) is apparent,
indicating covalent linkage with the protein. The presence
of finely dispersed chitin in the enzyme-catalysed melan-
ization reaction mixture with AC produces, however, a
melanin whose IR spectrum (Fig. 5¢) is much more
similar to that of the autoxidatively prepared AC-mel-
anin (Fig. 5a), with the exception of a relative increase in
the 1600 cm ! region (due to enzyme protein incorpora-
tion). In particular, the large absorption at 1060 cm ™!
present in the spectrum of the purified fungal chitin
(Fig. 2b) is not seen. Finally, when GHB serves as the
substrate for the phenolase, the product obtained re-
sembles the native melanin (compare Fig. 5d with Se).
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Fig. 5. DR FT-IR spectra of various synthetic melanins. Pro-

ducts prepared by: (a) autoxidation of AC (80 mg);, (b) enzyme-

catalysed oxidation (phenolase, 15 mg) using AC (200 mg) and

metallothionein (10 mg); (c) as (b) using chitin (15 mg, fine

suspension) instead of metallothionein; (d) enzyme-catalysed

oxidation (phenolase, 15mg) using GHB (300mg); and
(e) purified mushroom melanin.

However, the two spectra are still different in the
1700-1600 cm ~* region in that the strong carbonyl ab-
sorbance in the spectrum of the native melanin is absent
in that of the synthetic GHB-melanin. Hence, in vivo
additional material must become incorporated into the
product in statu nascendi, to provide absorbance between
1700 and 1600 ¢cm ~!. Conversely, the spectrum of native
melanin does not display the distinct band seen at
1100cm ™" in the spectrum of the melanin prepared
enzymatically with GHB, a feature that is attributable to
C-0O or C-N bonds.

DISCUSSION

Fourier-transform infrared spectroscopy (see Introduc-
tion and Experimental) has, indeed, proved to be the

method of choice in obtaining spectra of melanin (com-
pare Figs 1, 4 and 5) that are well resolved, and thus
amenable to detailed structural analysis. To appreciate
this, these spectra should be compared with previous
records obtained with dispersive infrared spectrometers
operating in the transmission mode, whether relating to
melanins of fungal [2, 23-25] or animal [8-10] origin, in
which the deleterious effects of IR band saturation are
seen.

Structure of the isolated native melanin considering the
identity of the melanogenic phenols

One of the strongest absorption bands in the spectrum
of the natural mushroom melanin is the feature at
1600 cm ! (Fig. 1b). This can arise from a variety of
possible functional groups (amine, carboxylate, conjuga-
ted quinone, or aryl enhanced by phenolic hydroxyls).
Based on knowledge of the likely substrate (an amine-
containing phenol, see Introduction), on IR spectroscopic
features of melanins in general [2, 8-10, 23, 24] and on
DR FT-IR studies of coals [26] (where carboxylate
groups are thought to predominate), we conclude that the
1600 cm ™! band results mainly from an aromatic ring
system with extensive phenolic groups, and to a lesser
extent from amide groups (the N content of this pigment
(8.8%) is relatively high [2]), rather than from car-
boxylate groups, as is the case in tyrosine-based melanin
[27]. Furthermore, if the band at 1600 cm ™! were due to
a carboxylate group there would normally be an almost
equally intense band at 1400 cm ~ !; this is not the case. It
is clear that other reactions must occur during melanoge-
nesis resulting in a multitude of substructures of the
product which together afford its complexity, such as the
significant absorbance at and below 1650 cm ™! (see
above). This is undoubtedly due to the quinone inter-
mediates and extensive conjugation generated in the
course of phenolic radical polymerization. Still further
bands can appear as a result of polymerization, at-
tributable to a variety of ethers, with absorbance in thz
vicinity of 1200 cm ™.

In contrast to the natural melanin, one of the least
intense absorption bands in the spectrum of the potential
melanogenic phenols (AP, AC or GHB) is this same
feature at 1600 cm ~!. These monomers do possess dis-
tinctive absorption bands (Fig. 3) which would contribute
to the IR absorption profile of the isolated native melanin
(Fig. 1b) if polymerization did not occur, an important
distinction. For example, the amide functional group in
GHB imparts bands (Fig. 3c) that would account for the
prominent absorption in the 1650-1500 cm ™! range and
in the vicinity of 1250 cm ™" in the spectrum of the native
melanin; although the presence of just an aryl-N linkage,
asin AP and AC, as well as in GHB, would also suffice for
the absorption at the lower wavenumber (Fig. 3a and b).
In addition, the methylene groups in GHB would give rise
to a band near 1400 cm !, as observed in the biomaterial.
However, the spectrum of this native melanin is quite
unlike that of any of the possible precursors, ie. the
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spectrum of any one of the monomers tested is insufficient
to explain the absorption profile of the native melanin.
On the other hand, the information gained through the
analysis of melanins prepared from AP, AC or GHB
proved to be more revealing. Regardless of the experi-
mental conditions for synthesis, namely autoxidation or
enzyme catalysis and presence or absence of non-phenolic
components in the medium, the set of AP-derived melan-
ins afforded a group of very similar spectra (Fig. 4). There
are only slight intensity and bandwidth fluctuations,
which are probably due to minute particle size variations
of the absorbing materials, which include the alkali halide
support matrix, as well as the products themselves (com-
pare with ref. [28]). As the bands observed are inherently
narrow, even small changes in their width due to such
differences in particle size would have a large effect on
their intensity. The similarity of the spectra (Fig. 4a—f)
suggests that homoreactivity of AP is more favourable
than other possible reactions, such as to preclude any
‘cross-reactivity’ with non-phenolic components present
in the reaction medium, not even with the phenolase,
which, as a suicide enzyme [14], is normally entrapped
into its melanin product and probably covalently linked
to this. Oxidation of AP in aqueous solutions has been
the subject of an earlier study [20], but the products
identified therein (under the same experimental condi-
tions used here) are eliminated by the action of HC! and
subsequent water washings used in the work-up [19] of
the melanin analysed. The structure of the resultant AP
melanin suggests some type of repeating sub-unit rather
than a random orientation of the AP molecules within the
synthetic melanin matrix. This conclusion is based upon
the appearance of distinct absorption features in the
region from 1700 to 1500 cm ™' (compare Fig. 3a with
Figs. 4a—f), which can be assigned to C=0, C=N,
—~NHCO —, aryl-NH —, C=C or aromatic groups.
These absorption features thus discount any random
orientation of the AP in the synthetic melanin. As such, a
role for AP in the formation of melanin in vivo is doubtful.
In contrast to that of AP, the polymerization of the
corresponding diphenol (AC) apparently proceeds in a
random, non-specific fashion (compare Fig. 4b-f with Fig.
5b-c). Even though the melanin made by autoxidation
with AC (Fig. 5a) resembles the native melanin to a
certain degree, the absorption in the 1600 cm ™! region is,
however, still of relatively low magnitude when compared
to that of the native product. This difference is possibly
due to the absence of (i) protein (see below), (ii) significant
amounts of phenol groups or (iii) the ~-NHCO~ group
evident in the spectrum of GHB (compare Fig. 3c) as well
as in that of the GHB-derived melanin (cf. Fig. 5d).
Indeed, the melanin prepared using GHB (Fig. 5d) most
closely resembles the native pigment (Fig. Se). The dis-
tinct band seen at 1100 cm ™! in Fig. 5d is of note as it
only occurs in the spectrum of GHB-derived melanin and
not in the spectra of the other synthetic melanins, or in the
spectrum of the native melanin. Its origin must therefore
be attributed to the glutamyl portion of GHB [since the
spectrum of the autoxidation product of AC (Fig. 5a)
does not exhibit this feature]. This represents evidence in

favour of the view [3] that the glutamyl portion of GHB
is detached immediately before melanization commences;
the phenolic conjugate, therefore, serving only as the
storage form of the much more reactive direct melano-
genic precursor phenols AP and, thence, AC.

Structure of native mushroom melanin considering the
presence of non-phenolic constituents

The IR spectra of proteins are dominated by absorban-
ces due to the amide bonds, as the amino acid side groups
contribute little to the overall spectrum (cf. ref. [297]). The
main reason for using non-enzymatic proteins such as
metallothionein in these experiments consisted in the
enhanced ability of the side groups to react with a specific
reagent, such as AC. This effect is evident when metal-
lothionein is present during enzyme (phenolase)-
catalysed oxidation with AC, as many new bands develop
centred at 1050 cm ™! that are attributable to incorpora-
tion of protein (compare Fig. 5b with a). Furthermore,
when using AC as the substrate for the phenolase, the
enzyme itself is incorporated into the melanin, as slight
differences at 1700 and 1050 cm ™! and a reduction in the
relative intensity at 1500 cm ™' between this spectrum
(Fig. 5b) and that of the material resulting from substitu-
ting chitin for metallothionein in the phenolase-catalysed
oxidation attest (Fig. 5c). Although the additional pres-
ence of chitin in the latter experiment could explain the
increase in absorption near 1050 cm ™! (Fig. 5¢), the
feature at 1700 cm ™! and the differences at 1500 ¢cm ™!
can only be due to incorporation of protein (phenolase)
(compare Fig. 5¢c and a). Furthermore, the similarities
between Fig. 5b and ¢ and the differences from Fig. 2b
show that preformed chitin does not become covalently
bound to the phenolase-catalysed AC-melanin.

In the 850-800 cm ™' region in the spectrum of the
native melanin (Figs 1 and 5e) there are two features at
840 and 800 cm~!'. That these bands could be due to the
presence of a trisubstituted alkene cannot be ruled out,
but amine groups in two different chemical environments
could also explain this result. Interestingly, the higher
wavenumber feature is only present in the melanin de-
rived from AC and AC plus protein, whereas both of the
absorption bands are evident in the AP and GHB
melanin as well as in the native melanin (the lower
wavenumber band being split in the GHB melanin). The
possibility of the presence of amine groups in at least two
chemical environments within the natural melanin is even
more plausible when one considers the substrates in-
volved (amine-containing phenol and protein) and the
multitude of possible reactions which would occur during
polymerization. In a recent study of an animal melanin
[13], using '3C solid-state NMR spectroscopy, it has
been demonstrated that covalent linkages are formed in
the pigment in statu nascendi between the pigment and
protein, the resulting product thus being an insoluble
complex heteropolymer. Using DR FT-IR spectroscopy,
this has now also been shown to hold for a fungal
melanin.
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EXPERIMENTAL

Fungal materials. Spores of Agaricus bisporus were
collected as described previously [3]. Melanin was isol-
ated according to ref. [19]; for details, see ref. [2]. The
purification of chitin from mycelium of the mushroom is
described in ref. [30].

Preparation of melanins. To obtain chemosynthetic
melanin, the following procedure was adopted [311:
dissolution of phenol in K-Pi buffer (50 mM, pH 9.0),
aeration of incubation mixture at room temp. for 24 hr,
acidification with 6 M HCl to pH 2.0, centrifugation of
sample (20000 g, 20 min, room temp.), suspension of
pellet in 20% HCI followed by refluxing for 120 hr,
collection of insoluble material by centrifugation (as
before), resuspension of melanin in H,O and recen-
trifugation until supernatant was neutral. The air-dried
product was placed under vacuum (10~* Torr, 9 hr) and
stored in a desiccator over P,O, until use. Enzyme-
catalysed synthesis of melanin was performed as de-
scribed earlier [2], followed by the same work-up as for
chemosynthetic melanin.

Chemicals/biochemicals. GHB was synthesized and its
purity checked according to ref. [32], the p-hydroxy-
benzyloxyaniline was of commercial origin. AC was
prepared as described in ref. [33], except that filtration
occurred under an atmosphere of argon. All other chem-
icals were from Fluka (Switzerland). Phenolase (tyrosin-
ase; from A. bisporus fruit bodies) and metallothionein
{from equine kidney; used as an analogue to the corres-
ponding protein from A. bisporus [34]) were purchased
from Sigma.

IR spectroscopy. The DR FT-IR spectra were obtained
on a Digilab FTS-15 spectrometer fitted with a drop-in
diffuse reflectance attachment and a deuterated triglycine
sulfate room temp. detector. The spectra are displayed as
in the absorption mode, but are expressed as Kubelka—
Munk units [35]. Lig. N, boil-off was used to purge the
instrument of water vapour. Powdered analytical grade
KBr was used as reference, samples (500 mg) were mixed
with KBr before measurement. One-thousand transients
were co-added for the reference and five hundred for each
sample, both measured at 4 cm ™! resolution.
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