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HPLC ANALYSIS OF FUNGAL MELANIN 
I NTERM ED1 ATES AND RELATED METABOLITES 

G. A. Greenblatt 1 and M. H. Wheeler2 
1 Department of Veterinary Physiology & Pharmacology 

Texas A&M University 
College Station, Texas 77843 

2National Cotton Pathology Research Laboratory 
USDA, ARS 

College Station, Texas 77841 

ABSTRACT 

A conven ien t  method t o  c o n c e n t r a t e  and separa te  i n t e r m e d i a t e s  and 
r e l a t e d  secondary p roduc ts  of t h e  p e n t a k e t i d e  pathway l e a d i n g  t o  me lan in  
b i o s y n t h e s i s  has been developed. Twelve o f  t h e  f o u r t e e n  known compounds 
were separated u s i n g  r e v e r s e  phase h i g h  per formance l i q u i d  chromatography 
w i t h  a 12 t o  42% l i n e a r  g r a d i e n t  o f  a c e t o n i t r i l e  i n  2% a c e t i c  a c i d .  The 
rema in ing  two. h i g h l y  water  s o l u b l e  isomers. were i s o c r a t i c l y  separated on 
t h e  same column w i t h  5% a c e t o n i t r i l e  i n  2% a c e t i c  a c i d .  S o l i d  phase 
e x t r a c t i o n  and c o n c e n t r a t i o n  o f  r e p r e s e n t i t i v e  compounds i n  a c i d i f i e d  
aqueous b r i n e  was accomplished w i t h  r e v e r s e  phase Sep-Pak c a r t r i d g e s .  
e f f e c t i v e n e s s  o f  t h e  method was eva lua ted  by d e t e r m i n i n g  t h e  p e n t a k e t i d e s  
produced by c e l l - f r e e  homogenates o f  V e r t i c i l l i u m  d a h l i a e  s u p p l i e d  w i t h  
s c y t a l o n e  as t h e  s u b s t r a t e  and by c u l t u r e s  o f  two l. d a h l i a e  mutants .  
method has t h e  p o t e n t i a l  f o r  q u a n t i f y i n g  a l l  known p e n t a k e t i d e  m e l a n i n  
m e t a b o l i t e s  and thus  w i l l  a l l o w  f o r  more comprehensive s t u d i e s  o f  f u n g a l  
me lan in  b i o s y n t h e s i s .  

The 

The 

INTRODUCTION 

Me lan in  occurs i n  t h e  c e l l  w a l l s  o f  many f u n g i .  Melanized f u n g a l  c e l l s  

s u r v i v e  d e s s i c a t i o n  and u l t r a v i o l e t  i r r a d i a t i o n  a p p r e c i a b l y  b e t t e r  t h a n  

t h e i r  h y a l i n e  c o u n t e r p a r t s  (1, 2 ) .  They a l s o  a re  more p e r s i s t a n t  i n  s o i l .  
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912 GREENBLATT AND WHEELER 

apparen t l y  because of m e l a n i n ' s  a b i l i t y  t o  dena tu re  d e g r a d a t i v e  exoenzymes 

produced by o t h e r  microorganisms (1. 3 ) .  The a b i l i t y  o f  c e r t a i n  f u n g i  t o  

produce melanin a l s o  appears t o  be an i m p o r t a n t  de te rm inan t  o f  

p a t h o g e n i c i t y .  R ice  b l a s t  caused by P v r i c u l a r i a  orvzae can be c o n t r o l l e d  by 

appl  i c a t i o n  o f  t r i c y c l a z o l  e [ 5-methyl -1 .2 .4 - t r i azo lo -  (3,4-!) b e n z o t h i a z o l e ]  , 

a systemic i n h i b i t o r  o f  me lan in  b i o s y n t h e s i s  ( 4 ) .  Apparent ly ,  m e l a n i z a t i o n  

o f  t h e  funga l  appressor ium i s  a necessary p r e r e q u i s i t e  f o r  t h e  success fu l  

i n v a s i o n  o f  r i c e  ( 5 ) .  The e x t e n t  o f  such a phenomenon i s  j u s t  be ing  

i n v e s t i g a t e d  b u t  has a l s o  been found w i t h  C o l l e t o t r i c h i u m  lagenar ium and C. 
l indemuth ianum which cause anthracnose o f  cucumbers and beans, r e s p e c t i v e l y  

(6, 7 ) .  

B iochemical  c h a r a c t e r i z a t i o n  o f  t h e  p e n t a k e t i d e  me lan in  pathway has 

been ob ta ined  u s i n g  mutants  (8 ,  9, 10 )  and c e l l - f r e e  homogenates (11)  o f  t h e  

fungus V e r t i c i l l i u m  d a h l i a e .  Known i n t e r m e d i a t e s  i n  t h e  pathway i n c l u d e  

1.3,6 ,8 - te t rahyd roxynaph tha l  ene (1.3.6.8-THN). formed f rom a c e t a t e  v i a  

p e n t a k e t i d e  c y c l i z a t i o n  (12) .  scy ta lone ,  1 ,3,8- t r ihydroxynaphthalene 

(1,3.8-THH), vermelone and l , B - d i h y d r o x y n a p h t h a l e n e  (DHN) ( F i g u r e  1 ) .  

Presumably DHN po lymer i zes  t o  form melanin.  

d e f i c i e n t  mutants  and t r i c y c l a z o l e  t r e a t e d  w i l d  t ypes  accumulate f l a v i o l i n ,  

2-hydroxy jug lone (2-HJ) and o t h e r  r e l a t e d  secondary m e t a b o l i t e s ,  i n d i c a t i n g  

t h a t  syn thes i s  o f  t hese  compounds i s  i n t i m a t e l y  connected t o  t h e  me lan in  

pathway ( 4 ) .  The p e n t a k e t i d e  pathway o f  me lan in  b i o s y n t h e s i s  has been shown 

t o  occur  i n  a number o f  i m p e r f e c t  and ascomycetous f u n g i  b u t  has n o t  been 

demonstrated i n  any bas id iomycetes.  They cannot  m e t a b o l i z e  t h e  v a r i o u s  

i n t e r m e d i a t e s  t o  me lan in  and me lan in  b i o s y n t h e s i s  i n  these  f u n g i  i s  n o t  

i n h i b i t e d  by t r i c y c l a z o l e  (13 ) .  

The me tabo l i c  pathway l e a d i n g  t o  t h e  f o r m a t i o n  o f  p e n t a k e t i d e  me lan in  

C u l t u r e s  o f  v a r i o u s  me lan in  

was determined us ing  s o l v e n t  p a r t i t i o n i n g  and t h i n - l a y e r  o r  column 

chromatography. P r e c i s e  methods were n o t  developed t o  q u a n t i t a t e  t h e  
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FUNGAL MELANIN INTERMEDIATES 973 

ACETATE MELANIN 

B r m - 2  a 
T r l c y c l a r o l ~  

Scyhlons 1.3.8-THN Vermelone DHN 

no 

HO OH 
0 

Flsvlolln 

no 
0 
2-HJ 

no on 

4-HS 

OH 

3.4.8-THT \1.4,5-THN / \ 1.3.4.5-THN / 

OH on 
4.8-DHT 2.4.8-TH1 

F I G U R E  1. 
2-HJ branch pathways ( 1 7 ) .  Postulated intermediates are in brackets. 
Blockage sites for the two mutants and tricyclazole are indicated. 

Pentaketide pathway of melanin biosynthesis and the flaviolin and 

compounds. 

factors and melanin inhibitors on the pathway have not been possible. 

Progress towards elucidating the pentaketide pathway of melanin biosynthesis 

depends upon a method to quantitate the various metabolic intermediates. 

This paper describes such a method. 

Thus accurate determinations of the effects of environmental 
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974 CREENBLATT AND WHEELER 

MATERIALS AND METHODS 

Chemicals 

(+ ) -Scy ta lone  and 4 -hyd roxyscy ta lone  (4-HS) were p u r i f i e d  f rom 

c u l t u r e s  o f  t h e  brm-l mutant  o f  v. d a h l i a e  (9 ) .  and ( - ) - ve rme lone  was 

p u r i f i e d  f rom c u l t u r e s  of t h e  brm-1 mutant  supplemented w i t h  1,3,8-THN (14 ) .  

DHN, 1,3,8-THN and 1,3.6.8-THN were syn thes i zed  by t h e  inethod o f  L u r i e  - e t  

- a l .  

1,8-dihydroxynaphthalene-3,6-disulphonic ac id ,  r e s p e c t i v e l y  (15 ) .  F l a v i o l i n  

was made f rom 1,3,6.8-THN by a u t o x i d a t i o n  i n  0.1 M phosphate b u f f e r  (pH 8 ) ;  

2-HJ and 3-hydroxy jug lone (3-HJ) were syn thes i zed  by t h e  method o f  S ingh 

- a l .  (16) ;  and 3.4.8-trihydroxytetralone (3,4,8-THT), 4 .8 -d ihyd roxy te t ra lone  

(4.8-DHT) and 2,4,8-trihydroxytetralone (2,4,0-THT) were prepared as 

desc r ibed  by S t i p a n o v i c  and B e l l  (10 ) .  5-Hydroxyscyta lone (5-HS) was 

produced f rom f l a v i o l i n  by Wang ie l l a  d e r m a t i t i d i s  (17 ) .  Jug lone  was 

purchased f rom Sigma, Inc . ,  S t .  Lou is ,  MD. 

- 

from 1-naphthol -8-su lphonic  a c i d ,  l-naphthol-3,8-disulphonic a c i d  and 

Techn ica l  grade t r i c y c l a z o l e  was ob ta ined  f rom L i l l y  Labora to r ies ,  

Green f ie ld .  IN; organ ic  s o l v e n t s  were e i t h e r  f i l t e r e d  A.C.S.  grade o r  HPLC 

grade (Omnisolv, E. Merck, Inc. ,  C i n c i n a t i ,  OH) and p u r i f i e d  water  was 

ob ta ined  f rom a H i l l i - Q  system ( M i l l i p o r e  Corp., Bedford,  MA) (18 ) .  

I n s t rulnen t a  t i on 

A modular HPLC system c o n s i s t i n g  o f  a X950 pump, X985 c o n t r o l l e r  and 

#970 v a r i a b l e  wavelength d e t e c t o r  (T raco r  Ins t rumen ts .  Inc. .  Aus t i n ,  TX); 

100 111 loop  i n j e c t o r ,  17125 (Rheodyne, Inc . ,  C o t a t i .  CA); and a #3390A 

r e c o r d i n g  i n t e g r a t o r  (Hewlett-Packard, I nc . ,  Pa lo  A l t o ,  CA) was used f o r  

t h i s  study. The column was a prepacked 4.6 mm X 150 mm LC-18 (Supelco, 

Inc. ,  B e l l e f o n t e ,  PA), p r o t e c t e d  w i t h  an i n l e t  f i l t e r  and a guard column. 

System development was performed a t  room temperature u s i n g  a m o b i l e  phase 

f l o w  r a t e  o f  1 ml /min.  D e t e c t i o n  was c a r r i e d  o u t  a t  254 nm. 

Chroinatoqraphv 

R e t e n t i o n  t imes f o r  s e l e c t e d  p e n t a k e t i d e  i n t e r m e d i a t e s  were f i r s t  

determined i s o c r a t i c l y  u s i n g  aqueous a c e t o n i t r i l e .  Some of t h e  
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FUNGAL MELANIN INTERMEDIATES 91 5 

i n t e r m e d i a t e s  e x h i b i t e d  peak t a i l i n g  which was most e f f e c t i v e l y  c o n t r o l l e d  

w i t h  2% a c e t i c  a c i d .  Methanol and t e t r a h y d r o f u r a n  were n o t  s a t i s f a c t o r y  

s u b s t i t u t e s  f o r  a c e t o n i t r i l e .  T h i s  i n f o r m a t i o n  was used t o  d e s i g n  a 

g r a d i e n t  u s i n g  a c e t o n i t r i l e  and 2% a c e t i c  a c i d .  

A, a c e t o n i t r i l e - w a t e r - a c e t i c  a c i d  (5:93:2, v / v )  and 8, a c e t o n i t r i l e - w a t e r -  

a c e t i c  a c i d  (75:23:2, v l v ) .  Optimum s e p a r a t i o n  was o b t a i n e d  w i t h  an 18 min.  

l i n e a r  g r a d i e n t  f rom 90% A t o  47% A ( 1 2  t o  42% a c e t o n i t r i l e )  f o l l o w e d  by a 4 

min. i s o c r a t i c  s t e p  a t  47% A. The column was t h e n  washed f o r  5 min. a t  

28% A ( 5 5 %  a c e t o n i t r i l e )  and e q u i l i b r a t e d .  The o n l y  isomers n o t  separated 

i n  t h i s  g r a d i e n t  system, 4 - H S  and 5-HS, were r e s o l v e d  w i t h  an i s o c r a t i c  

method ( a c e t o n i t r i l e - w a t e r - a c e t i c  a c i d ;  5:93:2, v / v ) .  

S o l i d  Phase E x t r a c t i o n  

The s o l v e n t  m i x t u r e s  were: 

Scyta lone.  f l a v i o l i n  and j u g l o n e  w i t h  c a p a c i t y  f a c t o r s  (ki) o f  2.2, 

4.5, and 7.2, r e s p e c t i v e l y ,  were d i s s o l v e d  i n  wa te r  which was t h e n  f o r t i f i e d  

w i t h  NaCl (20% w/v) and ad jus ted  t o  pH 3.5 w i t h  a c e t i c  a c i d .  

was a p p l i e d  t o  a s e t  o f  t w i n  C 1 8  Sep-Pak c a r t r i d g e s  (Waters Assoc., M i l f o r d ,  

MA), prepared acco rd ing  t o  t h e  m a n u f a c t u r e r ’ s  i n s t r u c t i o n s .  The c a r t r i d g e s  

were separated,  washed w i t h  water  (10 m l ) ,  and e l u t e d  w i t h  a s u f f i c i e n t  

volume of a c e t o n i t r i l e - w a t e r - a c e t i c  a c i d  (55 :43 :2 ,  v l v )  t o  c o l l e c t  two 5 m l  

samples f rom t h e  f i r s t  and one 5 m l  sample f rom t h e  second c a r t r i d g e .  

a l i q u o t  o f  each sample was d i l u t e d  w i t h  6 volumes o f  wa te r  and 

chromatographed. 

B i o l o g i c a l  A p p l i c a t i o n s  

T h i s  s o l u t i o n  

An 

The e f f e c t i v e n e s s  o f  tne complete techn ique  was judged by q u a l i t a t i v e l y  

e v a l u a t i n g  p e n t a k e t i d e  m e t a b o l i t e s  produced by t h r e e  s t r a i n s  o f  V, d a h l i a e :  

a w i l d  t ype ,  T9(ATCC 44574) and two me lan in  d e f i c i e n t  mutants ,  brm-1 (ATCC 

44571) and b& (ATCC 44572). 

been p u b l i s h e d  (8,9.10). Stock c u l t u r e s  were grown on p o t a t o - c a r r o t -  

d e x t r o s e  agar (PCOA) (19 )  and t r a n s f e r r e d  a t  2- t o  3-week i n t e r v a l s .  

I n o c u l a t i o n s  were made by sp read ing  c o n i d i a l  suspensions ove r  t h e  s u r f a c e  o f  

- 

D e t a i l e d  d e s c r i p t i o n s  o f  t hese  i s o l a t e s  have 
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916 GREENBLATT AND WHEELER 

t h e  s o l i d  medium ( 2 0  m l )  i n  100 x 15 mm P e t r i  p l a t e s .  The c u l t u r e s  were 

then  incubated i n  t h e  dark a t  24 '  C f o r  7 days. 

The e n t i r e  con ten ts  o f  p l a t e s  c o n t a i n i n g  brm-l o r  brm-i! were d i c e d  and 

e x t r a c t e d  t w i c e  f o r  2 hrs .  w i t h  100 m l  acetone. The combined e x t r a c t s  were 

f i l t e r e d  and the  acetone removed i n  vacuo. The r e s u l t i n g  aqueous s o l u t i o n s  

were a c i d i f i e d  (pH 3.5), s a l t e d  (NaC1. 20% w/v) ,  and each was passed th rough  

a C 1 8  Sep-Pak c a r t r i d g e .  

a p p r o p r i a t e l y  d i l u t e d  w i t h  water  and chromatographed. 

The c a r t r i d g e s  were processed and t h e  e l u a t e  

C e l l - f r e e  homogenates were prepared f rom p l a t e s  o f  t h e  w i l d  t ype  s t r a i n  

as p r e v i o u s l y  desc r ibed  (11) .  The homogenates, w i t h  and w i t h o u t  

t r i c y c l a z o l e  ( 8  ppm), were f o r t i f i e d  w i t h  s c y t a l o n e  and incuba ted  

a n a e r o b i c a l l y  a t  room temperature.  

a c i d i f i e d ,  s a l t e d ,  processed and chromatographed i n  a manner i d e n t i c a l  t o  

t h a t  used t o  e x t r a c t  t h e  m e t a b o l i t e s  f rom t h e  p l a t e  c u l t u r e s .  

A f t e r  10 h rs .  each r e a c t i o n  m i x t u r e  was 

RESULTS AN0 D I S C U S S I O N  

The r e t e n t i o n  t i m e s  ( t r ) ,  ki and r e s o l u t i o n  f a c t o r s  (RS) o f  compounds 

i n  t h e  me lan in  pathway and t h e  two branch pathways a r e  g i v e n  i n  Table 1. 

A l l  o f  t h e  compounds had ki va lues  w i t h i n  t h e  optimum range ( l < k i < l O ) .  

The a rea /he igh t  r a t i o s  (peak w i d t h  a t  h a l f  h e i g h t )  f o r  a l l  compounds excep t  

1,3,6.8-THN were l e s s  than  0.3 min. 

ne ighbor  compounds were thus always g r e a t e r  t h a n  1 ( ~ 2 %  band o v e r l a p ) .  

F i g u r e  2 i s  a t y p i c a l  chromatographic  t r a c e  o f  e i g h t  s tandards.  

The c a l c u l a t e d  R S  va lues  f o r  n e a r e s t  

The system can r e s o l v e  t h r e e  o f  t h e  f o u r  s e t s  o f  i somer i c  i n t e r m e d i a t e s  

(2,4,8-THT, 3,4,8-THT, and scy ta lone ;  vermelone and 4.8-DHT; and 2-HJ and 

3-HJ). 

r e s p e c t i v e l y ,  w i t h  an R S  o f  1. 

bound t o  t h e  f i r s t  o f  t h e  t w i n  C 1 8  c a r t r i d g e s .  

f rom t h e  c a r t r i d g e  w i t h  t h e  f i r s t  5 m l  o f  s o l v e n t  ( a c e t o n i t r i l e - w a t e r - a c e t i c  

ac id ;  55:43:2, v / v ) .  

The i s o c r a t i c  r e t e n t i o n  t imes  o f  4-HS and 5-HS were 8 . 2  and 9.0 min.  

Scyta lone,  f l a v i o l i n  and j u g l o n e  i n  a c i d i f i e d  b r i n e  were comp le te l y  

They were e n t i r e l y  e l u t e d  

The c a p a c i t y  f a c t o r s  o f  these t h r e e  compounds a r e  
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TABLE 1 

R e t e n t i o n  Times ( t  ) and Capac i t y  ( k . )  and R e s o l u t i o n  (R ) F a c t o r s  of 
P e n t a k e t i d e  Melani f i  I n t e r m e d i a t e s  and Branch Pathway P r o h c t s .  

Compound t r ( m i n )  ki R S  

0 
4-HS 5.02.1 * 1.1 

2,4,8-THT 6.62.1 1.8 1 . 2  
3.4.8-THT 7.22.2 2.0 
Scyta lone 7.72.2 2.2 

5-HS 5.02.1 1.1 3 . 2  

1.3  
1.5 

1,3,6.8-THN 8.82.3 2.7 4.1 
1 . 5  

4.8-DHT 11.62.2 3.8 
Verme 1 one 

1.6 
F l a v i o l i n  13.22.2 4.5 

1.1 
3-HJ 13.82.2 4.8 

4 . 2  
1,3,8-THN 14.32  .3 5.0 

6 .2  
2-HJ 1 6 . 6 r  .2 5.9 

4 .4  
Juglone 1 9 . 7 t . 2  7.2 
OHN 21.62.2 8 .0  

12.52.3 4.2 2 . 0  

* 
Standard d e v i a t i o n  o f  t h e  mean; n=3 

FIGURE 2 .  
m e t a b o l i t e  s tandards.  The compounds and t h e  amounts i n j e c t e d  a r e :  1. 
3,4,8-THT ( 2 5 0  ng ) ;  2 .  Scy ta lone  ( 2 5 0  ng) ;  3. 
4,8-DHT ( 2 5 0  ng) ;  5. F l a v i o l i n  ( 1 2 5  n g ) ;  6. 1,3,8-THN ( 2 5 0  n y ) ;  7. 2-HJ 
( 1  u g ) ;  8. OHN ( 1  ug) .  AUFS = 0.16. Exper imenta l  c o n d i t i o n s  desc r ibed  i n  
t e x t .  

Grad ien t  s e p a r a t i o n  o f  e i g h t  me lan in  i n t e r m e d i a t e s  and secondary 

1,3,6,8-THN ( 2 5 0  ng ) ;  4. 
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A 

0 

FIGURE 3. 
i n te rmed ia tes  and secondary p a t h  p r o d u c t s  produced by t h e  brm-l ( A )  and 
brm-2 ( 8 )  mutants .  1. scy ta lone ;  2. f l a v i o l i n ;  3. unknown; 4 .  4,8-DHT; 
-2-HJ. AUFS = 0.32. Exper imen ta l  c o n d i t i o n s  desc r ibed  i n  t e x t ,  

S o l i d  phase e x t r a c t i o n  and g r a d i e n t  s e p a r a t i o n  o f  me lan in  

r e p r e s e n t i t i v e  o f  t h e  e n t i r e  a r r a y  o f  compounds i n  t h i s  s tudy.  T h i s  showed 

t h a t  s o l i d  phase e x t r a c t i o n  can be used t o  c o n c e n t r a t e  and p u r i f y  t hese  

compounds p r i o r  t o  chromatography. 

The combinat ion o f  s o l i d  phase e x t r a c t i o n  and chromatography was used 

t o  ana lyze  t h e  me lan in  i n t e r m e d i a t e s  formed f rom y. d a h l i a e  brm-1 and brln-2 

c u l t u r e s .  

t r e a t e d  w i l d  t ype  homogenates u s i n g  s c y t a l o n e  as a s u b s t r a t e .  

q u a l i t a t i v e l y  agree w i t h  p r e v i o u s  work. The & s t r a i n  p r i m a r i l y  produced 

scy ta lone .  f l a v i o l i n  and an unknown compound a t  tr = 18.1 min. and t h e  brm-2 

The techn ique  was a l s o  used w i t h  u n t r e a t e d  and t r i c y c l a z o l e  

The r e s u l t s  
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8 p p m  T r l c y c l a r o l e  

2 
A 

2 

h 

N 
7 

FIGURE 4. 
i n t e r m e d i a t e s  and secondary p a t h  p r o d u c t s  produced by a n a e r o b i c a l l y  
ma in ta ined  c e l l  f r e e  hornogendtes o f  t h e  w i l d  t y p e  fungus. 
scy ta lone .  1. 1,3.8-THN; 2. DHN. AUFS = 0.16. Exper imen ta l  c o n d i t i o n s  
desc r ibed  i n  t e x t  

S o l i d  phase e x t r a c t i o n  and g r a d i e n t  s e p a r a t i o n  o f  me lan in  

The s u b s t r a t e  was 

s t r a i n  p r i m a r i l y  produced 4.8-DHT and 2-HJ ( f i g u r e  3 ) .  The c e l l - f r e e  

homogenates conver ted scy ta lone  t o  1.3.8-THN and DHN ( f i g u r e  4 ) .  T h i s  

occu r red  i r r e s p e c t i v e  o f  t h e  a d d i t i o n  o f  8 ppm t r i c y c l a z o l e  t o  t h e  

homogenates. As a n t i c i p a t e d ,  t h e  r a t i o  of 1,3,8-THN t o  DHN i n  t h e  u n t r e a t e d  

r e a c t i o n  m i x t u r e  was d i f f e r e n t  f rom t h e  t r i c y c l a z o l e  t r e a t e d  m i x t u r e .  

u n t r e a t e d  p redominan t l y  produced DHN whereas t h e  t r e a t e d  p redominan t l y  

produced 1,3,8-THN. 

The 

Pen take t ide  me lan in  i n t e r m e d i a t e s  and secondary m e t a b o l i t e s  can be 

analyzed w i t h  t h i s  method i n  a much more f a c i l e  manner than  p a s t  procedures.  

The method can separa te  any o f  t h e  known m e t a b o l i t e s  i n  t h e  p e n t a k e t i d e  
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melan in  and secondary pathways. Both i n  v i t r o  and i n  v i v o  s t u d i e s  on t h e  

e f f e c t s  o f  env i ronmenta l  f a c t o r s  and exogenous me lan in  i n h i b i t o r s  on 

pen take t ide  me lan in  b i o s y n t h e s i s  can now be accompl ished e a s i l y  and more 

e x a c t l y .  Such s t u d i e s  a r e  i n  p rog ress .  
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