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a n d  N. P .  E l i n o v  
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The investigation of the s t ruc ture  of melanins is difficult for the following reasons .  In the f i rs t  place, 
the chemical  composition of the substances is complex and heterogeneous.  The schemes for the synthesis  of 
the chromophores  known f rom the l i te ra ture  [1] give an idea of the formation of the monomers ,  but the p rocess  
of  the building up of the polymer  and the question of its s t ruc ture  have so far remained unsolved; fu r thermore ,  
a considerable number of mater ia l s  are  not covered  by the existing classif icat ion [2] .  In the second place, the 
s t ructura l  and functional relat ionships between the components of the biopolymer - its protein moiety and the 
chromophore  - are  unknown. In the third place, the use of spect roscopic  methods, which give ext remely  valu-  
able information on s t ruc ture  at the molecular  leveI, encounters  fundamental difficulties in the case of mult i -  
component po lymers .  In spite of the voluminous l i t e ra ture  devoted to the spect roscopic  investigation of the 
melanins [2, 3], there  are  ve ry  few resul ts  giving information required for understanding their  s t ructure .  

The p rob lem of interpretat ion is the result  of the absence of a well-defined s t ructure  of the e lec t ronic  
and IR absorption spectra.  The lack of contras t  of the melanin spect rum is due to the superposit ion of broad 
absorption bands cha rac te r i s t i c  for the f ragments  of the polymer  molecules.  The pat tern is considerably com-  
plicated by in t ra-  and in termolecular  interactions.  At the same time, the p r o g r e s s  achieved recent ly  in spec-  
t roscopic  methods will, if only part ial ly,  enable the difficulties to be overcome and, in combination with other 
physicochemieal  methods, will pe rmi t  the successful  use of spect roscopy for the investigation of the s t ructura l  
changes of melanins.  

The presen t  paper  gives the resu l t s  of an investigation by physieochemical  and spectra l  methods of the 
change in the composit ion and s t ruc ture  of melanins isolated from a culture of Aureobasidium (Pullularia) 
pullulans, s t ra in  8. We set ourse lves  the following tasks:  to determine the type of chromophore ,  to follow the 
change in the quantitative composit ion of the biopolymer during the g r o ~ h  of the culture,  and to determine to 
what extent the s t ruc ture  and state of the melanin molecules  change as the mic roorgan i sm ages. 

The absorption contours  in the electron spec t rum of alkaline solutions of the melanins before and after  
hydrolysis  (Figs. 1 and 2) a re  not smooth lines as  is stated in the l i te ra ture  [2]. They show inflections due to 
the fact that the spec t rum consis ts  of a number of broad overlapping absorption bands. The positions of the 
maxima of these bands were determined with the aid of special  separat ing techniques [4]. In this way it was 
possible to isolate two absorption bands (h max 280 and 350 nm) in the spec t rum of an alkaline solution of brown 
melanin, and four absorption bands (£max 280, 350,490,  620 nm) in the spectrum of black melanin. 

The maxima at 280 and 350 nm a re  common to all the samples  investigated. They show the presence  of a 
dicarbonyl f ragment  in the chromophore  molecule [5, 6]. 

The inf rared  absorption spec t ra  of the melanins (Fig. 3) contain features  re lat ing to the chromophore  and 
to the protein moiety  of the polymer ,  which complicates  their  assignment.  The spec t ra  of the melanins af ter  
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Fig. 1. Visible and UV spec t ra  of the melanins  
in 0.5 N alkaline solution (samples  before  hydro-  
lysis):  1) brown; 2) black melanin; 3) passage  
f rom a hydrogen lamp to an incandescent  lamp; 
I, II, III) spec t r a  taken in cel ls  with different  
th icknesses .  
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Fig. 2, Absorpt ion spec t r a  of solutions of melanlns  in 0.5 N NaOH 
(samples  a f t e r  hydrolysis) :  1) brown; 2) black melanin.  

acid hydro lys i s  proved to be s imple r .  In actual fact, they r ep re sen t  the resul t  of the deduction of the a b s o r p -  
tion bands of the protein f rom the spec t rum of the initial melanin. 

The absorpt ion bands of vC= O (sym and asym) at 1635 and 1710 cm -1 (vC_ C makes  some contribution to 
the fo rmer ) ,  ~CH at 2935 and 2860 cm -1 (aromat ic  and VNH (aromatic)  at 3110 cm -1 a r e  the complex  c h a r a c -  
t e r i s t i c s  that  p e r m i t  the molecule of the chromophore  to be ass igned a hydroxyindole s t ruc ture .  An important  
piece of  evidence in favor  of this is the posit ive t e s t  for  iudoles with the Ehrl ich reagent .  On the whole, all  
th ree  methods conf i rm that the s amples  invest igated belong to the melauins  of the indole type. 

The quanti tat ive and quali tat ive composi t ions  of the samples  were  checked by s e v e r a l  methods.  By means  
of gel ch romatography  and pape r : e l ee t ropho re s i s  it was es tab l i shed  that the brown melanin before  and a f t e r  hy- 
d ro lys i s  has only one fract ion,  i .e, ,  it is homogeneous (Fig. 4a). Before hydrolysis  this f rac t ion  includes p r o -  
tein ( cha rac te r i s t i c  g r e e n s t a i n i n g o f t h e b a n d s  on the e l ec t rophore tog rams  with Bromophenol  Blue), a f t e r  hydro-  
lys i s  no prote in  is found. This a g r e e s  with the cor responding  spec t ra l  cha rac t e r i s t i c s .  

A different  pa t te rn  was found i n t h e  expe r imen t s  with the :b lack  m e l a n i n ,  Before  hydrolysis  the pigment 
Aneluded two f r a c t i o n s o f  ,.which the one with the h igher  mo lecu la r  weight eon ta ineda  po lysacchar lde .  This was 
ja~o~irmed:~y the statning;~wi~h f tmhshin-~sulfaroas acid ,of  the band Temalning  a t  the starting~point on t ~  e l ec -  

t rophore tog ram,  and by a posi t ive  react ion  with p h e n o l - s u l f u r i c  acid  of  the h igh-molecu la r -weigh t  f ract ion 
a R e r  gel chromatography .  It d i sappeared  a f t e r  hydrolys is ,  and a single homogeneous - judging f rom the r e su l t s  
of  e l ec t rophores i s  and gel ch romatography  - f ract ion of black melanin r ema ined  (Fig. 4b). 
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Fig. 3. IR spec t r a  of  melanins:  a) brown melanin b e -  
fore hydrolys is ;  b) a f t e r  hydrolys is ;  c) b lack melanin 
before  hydrolys is ;  d) a f t e r  hydrolys is .  

The de te rmina t ion  of the amount of pro te in  components  showed that  the brown melanin contained 41.6% 
of prote in  by weight, and the b lack  melanin only 17.3%. 

As we have a l r eady  mentioned, on carefu l  ana lys is  of the absorpt ion contour of the e lec t ron ic  spec t ra  of 
the b lack  melanin,  two "super f luous"  bands were  found at 490 and 620 am,  respec t ive ly .  It is lust these  that 
show the c h a r a c t e r i s t i c  b lack-b rown of the ma te r i a l .  These  bands a r e  not connected with any impur i t i es  but 
a r e  pe rmanen t  c h a r a c t e r i s t i c s  of the black pigment  [they a re  p r e s e n t p r a c t i c a l l y  unchanged in the high- and low- 
molecu la r -we igh t  f rac t ions  of the b lack  pigment  a f t e r  gel ch romatography  (Fig. 5)]. They cannot be ass igned  
to quinone der iva t ives ,  since no c h a r a c t e r i s t i c  decolorat ion (i.e., a dec rea se  in the intensity of the c o r r e s p o n d -  
ing peaks) is obse rved  on the addition of alkali .  

On the other  hand, nei ther  the hydroxyindoles t h e m s e l v e s  nor  the i r  complexes  with p ro te ins  of po lysac -  
chari t ies  can give absorp t ion  in this  region of the spec t rum.  Our hypothesis  of the photochemical  origin of the 
co lored  p roduc t s  was not conf i rmed:  prolonged i r radia t ion of solid s a m p l e s  in a quar tz  cel l l  with a powerful  
u l t ravio le t  source  gave a comple te ly  different  change in the spec t ra l  pa t tern .  It may  apparen t ly  be a s sumed  
that  the colored p roduc t s  a r e  s table  f ree  rad ica l s  fo rmed  in the metabol ic  p r o c e s s  of the cul ture .  In favor  of 
th is  is the fact that  s i m i l a r  spec t r a l  phenomena have been obse rved  for  f lavonoproteins  [7], and in this  case  the 
rad ica l  na ture  of the pa r t i c l e s  was shown s t r ic t ly .  

Thus,  in the p r o c e s s  of development  of the cul ture  the p i g m e n t  undergoes  a s e r i e s  of  quanti tat ive changes 
the re la t ive  prote in  content d e c r e a s e s  and the sample  becomes  nonhomogeneous - a h igh-molecu la r -we igh t  
f rac t ion  containing a po lysacchar ide  appea r s .  F u r t h e r m o r e ,  colored products  apparent ly  of rad ica l  nature  ari., 
in the po lymer .  
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Fig. 4. Gel chromatography on Blo-Gel P-60 of 
brown (a) and black (b) melanins before (I) and 
after  (II) hydrolysis.  

Spectral methods permit  features  of the s t ructural  t ransformat ion of the components of the pigment during 
the development of a culture of Aureobasidium pullulans, s train 8, to be recorded.  In the IR spect ra  of the 
melanins before hydrolysis  (see Fig. 3) it is possible to distinguish the absorption bands of a protein:  the bands 
of ~C=O at 1670 cm -1 (1650 cm-1) *, isCH 2 (sym and asym) at 2875 and 2970 cm -1, and ~NH at 3310 cm -1 (3300 
em -1) and the amide II band (SNit deformation vibrations) at 1535 cm -1 (1540 cm-1). The slight but c lear ly  de-  
tectable differences in the positions of the amide tII and ~ C =O bands (with correc t ion  for overlapping) give 
grounds for the assumption that the s t ructure  of  the protein changes f rom less  ordered (brown melanin) to more  
ordered  (black melanin) [8]. 

The electronic spectra  of aqueous solutions of the pigment obtained af ter  gel chromatography (see Fig. 5) 
contain an ex t remely  s t rong band at 195 nm relating to the ~ -  ~r* t ransi t ion of the C=O groups of a protein. 
The rat io of the intensities of this band, r e f e r r ed  to the weight concentration of the proteins,  for the brown 
melanin and the low- and high-molecular-weight  fract ions of the black melanin, respect ively,  is 3.8 : 2 : 1. Such 
a marked change is probably connected with a change in the state of the carbonyl groups of the protein and, c o r -  
respondingly, with a decrease  in the mean extinction coefficient of the ~ - ~ *  transit ion.  A change in the d i rec -  
tion of the vec tors  of the dipole moments in s t ructura l  t ransi t ions  can only increase  these differences and, 
fur thermore ,  the corresponding changes amount to 70% of the value of e for 100% he l ix -co i l  t ransit ion [8]. One 
of the most  probable causes of this change is the cleavage of the hydrogen bonds between water  molecules fo rm-  
ing the hydrate shell and the C=O groups of the protein. It is natural that the process  has a collective nature, 
i.e., the ensemble of C =O ... HOH H-bonds is replaced by an inadequate number of hydrogen bonds between the 
fragments  of  the protein molecule, whereupon the average extinction coefficient of the sample falls [4]. 

'*The corresponding figures for black'melanin are  given ' in parentheses:  In view of the overlapping of the bands 
of the chromophore and of the protein the position of u C =O is given for the center  of gravity of the combined 
band. 
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Fig. 5. UV spect ra  of the water-soluble  
melanins in water (after gel chromatography 
on Bio-Gel P-60):  1) brown; 2) blaekmelanins.  
I) High-molecular-weight  fraction; II) low- 
molecular-weight  fraction. 

This hypothesis enables us to interpret  the changes in both the IR and the electronic spectra  f rom a single 
point of view. In actual fact, the change ia the p r o t e i n - w a t e r  in termolecular  interaction to an interaction of a 
different type (pro te in-pro te in)  enables the protein chains to form their  inherent s t ructure ,  i.e., to pass f rom 
a less  o rdered  to a more  ordered  state. Apparently,  the s t ruc tura l  changes have two phases of t ransi t ion:  the 
f i rs t  is t ransi t ion f rom the brown melanin to the low-molecular-weight  fraction of the black melanin. Here, 
judging from the p a r a m e t e r s  of the e lect ronic  spectra  of alkaline and aqueous solutions, both the protein moiety 
of the pigment and the chromophore  undergo rea r rangements .  This is shown in some decrease  in the intensity 
of the r -~r* band of the protein and increase  in the intensity of absorption of the chromophore.  The second 
stage is the passage from the low- to the high-molecular-weight  fraction of the black melanin. Here the state 
of the chromophores  sca rce ly  changes, while the s t ructure  of the protein undergoes the f a r - reach ing  r e a r r a n g e -  
meats  descr ibed  above. It is apparently not fortuitous that it is just in this stage that polysacchar ide  is found 
in the material .  

E X P E R I M E N T A L  

The UV spect ra  were taken on a P e r k i n - E l m e r  instrument and the IR spectra  on a UR-20 instrument.  
The sample was molded into tablets with KBr (5 mg and 2.0 g, respectively).  

Isolation of the Melanin. The melanin was extracted f rom the b iomass  of a culture of A. pullulans, s train 
8, with 0.5 N NaOH for 1.5 at 0.5 atm with three changes of alkali to make the extraction more  complete. The 
pigment was isolated and purified by known methods [9]. The work was per formed with the true melanin f r ac -  
tions of the brown and black pigments. 

Hydrolysis  of the Pigments .  The melanins were hydrolyzed with 6 N HC1 in sealed tubes filled with n i t ro-  
gen at 120°C for 24 h. Af ter  the end of hydrolysis,  the unhydrolyzed par t  of the pigment was washed with water 
that had been distil led to a neutral pH, and with acetone and ether,  and was dried. The amino acids in the hy- 
drolyzate were determined quantitatively on a type Hd 1200 E amino-acid  analyzer  (Czechoslovakia). The 
amount of protein was calculated as the sum of all the amino acids. The brown pigment (5-day growth of the 
culture of A. pullulaas, s train 8) and, par t icular ly ,  the black pigment (18-day culture) were sparingly soluble 
in alkali af ter  hydrolysis .  Even in 3 N NaOH with heating they dissolved incompletely. Consequently, in the 
analysis  of solutions of the pigments af ter  hydrolysis  we considered only the dissolved fraction. 

Gel Chromatography.  The brown and black melanias before and after  hydrolysis  were analyzed for homo- 
geneity ca a column (10 × 250 mm, free volume 5.5 ml) filled with Bio-Gel P-60.  Aqueous solutions of the 
melanias were obtained by neutralizing their  alkaline solutions with 6 N HC1 to pH 7.0. On the column contain- 
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lag Bio-Gel P-60 were deposited 1-ml portions of a 0.1% neutral solution of the pigment before and af ter  hydro-  
lysis ,  and elution yeas per formed with distilled water. The optical densit ies of all the fract ions were de te r -  
mined on a SF-16 instrument at ~ 475 am. 

The paper e lec t rophores is  of the pigments before and after  hydrolysis  was pe r fo rmed  in borate buffer 
(pH 9.25) at a potential difference of 300 V for 3 h. Three pieces of paper (type FN-11) were used for each 
sample.  The first  phore togram was stained with fuchsh in-su l fu rous  acid to reveal polysaccharide,  the second 
with Bromophenol Blue to determine protein, and the third was left unstained as a control for the color  of the 
melanin. 

S U M M A R Y  

1. On the basis  of their  IR and UV spectra  and also a positive test  with Ehr l i ch ' s  reagent  the brown and 
black pigments can be assigned to the melanins of the hydroxyindole type. 

2. In the development p rocess  of the culture, the pigment undergoes a ser ies  of quantitative changes:  the 
relat ive amount of protein decreases ,  the sample becomes nonhomogeneous, and colored products  apparently of 
radical  nature appear  in the polymer.  

3. As the culture ages,  the s t ructure  and state of the melanin molecule change. 

lo 

2. 
3. 

4~ 

5. 
6. 
7. 

So 
9. 

L I T E R A T U R E  C I T E D  

S. Mann, Arch.  Mikbrobiol., 6_55, No. 4, 359 (1969). 
S. P. Lyakh and E. L. Ruban, Microbiol Melanias [in Russian], Moscow (1962). 
A. A. Malama, G. B. Khramenko, L. A. Bulanov, and A. Ya. Rubenchik, Mikrobiologiya, 4_33, No. 3, 453 
(1974). 
O. V. Sverdlova, Electronic Spectra in Organic Chemistry [in Russian], Moscow (1973), 
J. Barton, P. de Mayo, and J. C. Orr, J. Chem. Soc., 2239 (1958). 
A. Mason, UV Atlas of Organic Compounds, Butterworth/Verlag Chemie, London--Weinheim (1966), pp. 35/1o 
H. Beinert and R. Sands, in: Free Radicals in Biological Systems (ed. M. S. Blois et al.), Academic Press, 
New York (1961). 
S. E. Bresler, Molecular Biology [in Russian], Leningrad (1973). 
E. L. Ruban, S. P. Lyakh, I. M. Khruleva, and I. A. Titova, Izv. Akad. Nauk SSSR, Set. Biol., 1, 134 (1969). 


