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The role of 3:4-dihyflroxytoluene, sulfhyflryl groups, and cresolase 
during melanin formation in a slime mold 

Dur ing  the  course  of our  s tudies  on the  biochemical  basis  of morphogenes i s  in the  sl ime mold,  
Physarum polycephalum, we have  been able to d e m o n s t r a t e  the  presence of an  e n z y m e  in the  
acellular  vegeta t ive ,  p lasmodia l  form which par t ic ipa tes  in the  product ion  of melan in  when  th is  
o rgan i sm forms spores.  A l though  th is  enzyme  appears  to be a classical copper -con ta in ing  oxidase  
in t h a t  i ts  ac t iv i ty  is inhibi ted by  cyanide,  carbon monox ide  (not  l ight-reversible),  d ie thy ld i th io-  
ca rbama te ,  and  o ther  copper  complex ing  agents ,  several  aspec ts  of i ts ac t ion serve to d i s t inguish  
it f rom those  a l ready  repor ted 1. 

The  dual  na tu r e  of ty ros inase  (the same  homogeneous  e n z y m e  can oxidize a va r i e ty  of 
monohydr i c  and  d ihydr ic  phenols)  enables  one to des igna te  specific monopheno la se  or cresolase 
and  po lyphenolase  or ca techolase  act ivi t ies ;  the  la t te r  t e rm  in each case reflects the  wide use  
of p-cresol and  catechol  as subs t ra tes .  W h e n  Physarum ex t r ac t s  2 were incuba ted  wi th  such  mono-  
hvdr ic  phenols  as p-cresol, m-cresol, phenol,  and  tyrosine,  only p-cresol elicited an oxygen  
up take :  with such d ihydr ic  phenols  as catechol ,  3 : 4 - d i h y d r o x y p h e n y l a l a n i n e  (1)OPA) and  3 :4-  
d ihyd roxv to luene  (3 : 4-DHT),  only  3 : 4 - D H T  gave  some evidence of an  oxygen  uptake .  A l though  
tyros inase  p repara t ions  can be prepared and  control led du r ing  purif icat ion to give va ry ing  rat ios 
of catecholase/cresolase  activi t ies,  it is rare when  cresolase ac t iv i ty  appea r s  w i thou t  ca techolase  
ac t iv i ty  as is the  case wi th  the  Physarum enzyme.  The  a r g u m e n t  is en te r t a ined  t h a t  the  s l ight  
activitY" of th i s  e n z y m e  to 3 :4  - D H T  can be des igna ted  as ca techolase  ac t iv i ty ,  bu t  t hen  th is  
becomes  an  aspec t  of t e rmino logy  which perhaps  is no t  valid when  an enzyme  with such h igh 
specificity is encountered .  

A charac ter i s t ic  of ty ros inase  ac t iv i ty  on monopheno l s  is t h a t  a period of induct ion  or lag 
is p resen t  before oxygen  up t ake  is observed.  This  lag can  be removed  by  the  addi t ion  of smal l  
a m o u n t s  of ca techol  for the  purpose  of p r iming  the  enzyme  for cresolase ac t iv i ty  and  t h u s  re- 
m o v i n g  the  au toca t a ly t i c  aspec ts  of act ion s. The  cresolase ac t iv i ty  of Physarum ex t rac t s  exhib i t s  
such  an  induc t ion  period (Fig. i), bu t  as m a y  be expected  from the  enzymic  inac t iv i ty  toward  
catechol  and  o ther  d ihydr ic  phenols ,  t he  addi t ion  of these  c o m p o u n d s  was ineffective in sho r t en ing  
t he  lag. I t  is surpr is ing  t h a t  3 : 4 - D H T  also failed to decrease th is  lag period since it would  be 
the  mos t  likely p r imer  with such  a specific enzyme.  

I t  was subsequen t l y  observed  t h a t  th is  induct ion  period could be e l iminated  by the  addi t ion  
to the  react ion m i x t u r e  of such  c o m p o u n d s  a.s p -ch lo romercur ibenzoa te  (p-CMB), N-e thy l  
ma le imide  (NEM), and  iodoacetic acid which react  wi th  su l fhydry l  groups  (Fig. i). The  addi t ion  
of g lu t a th ione  and  cys te ine  not  only reversed t he  effect of p-CMB bu t  ex t ended  the  lag for longer 
periods.  The  resul ts  of dialysis  expe r i men t s  were obscure,  since undia lyzed  ex t rac t s  lost the  
induc t ion  period upon  a few hours  s t and i ng  in the  cold. These  observa t ions  do not  r emove  the  
possibi l i ty of the  au toca t a ly t i c  aspec t s  of the  induc t ion  period, s ince free su l fhydry l s  can part ici-  
pa te  in the  ox ida t ion- reduct ion  aspec t s  of d ihydr ic-phenol ic  pr imers .  I t  does, however ,  po in t  to 
t he  impor t ance  of t he  presence or absence  of su l fhydry l s  in influencing melanin  format ion  in 
con junc t ion  wi th  the  t r igger ing of cell division in the  in tac t  organism.  There  are a t  least  two 
repor t s  in the  l i te ra ture  of the  direct  par t ic ipa t ion  of su l fhydry l s  in m a m m a l i a n  t i ssue 4 and  
indirect  par t ic ipa t ion  of su l fhydry l s  in Neurospora ~ in decreas ing tyros inase  ac t iv i ty  and  subse-  
q u e n t l y  melan in  format ion.  
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Fig. z. The  effect of p -ch loromercur ibenzoa te  ~ 
on the  induct ion  period du r ing  cresolase ac t iv i ty .  .~ i o 0 
Curve  A - e n z y m e  + o.o23 M p-cresol  + 2. 5. 
I o - 4 M  p-CMB. Curve  B - e n z y m e  + o.o23 M 5Q 
p-cresol,  o . o 2 5 M  p h o s p h a t e  buffer, p H  7.6; 2.o 
ml  react ion volume,  p-Cresol added  f rom the  
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Since there  was no observab le  enzymic  ox ida t ion  of d ihydr ic  phenols  excep t  the slow oxygen  
u p t a k e  observed wi th  3 : 4 - D I I T ,  it seemed feasible to assume t h a t  auy  d i h y d r o x y  i n t e rmed ia t e  
migh t  a c c u m u l a t e  in the react ion m ix tu r e  in spi te  of possible a u t o x i d a t i o n  a t  this  pH. "1"~, test  
this  possibi l i ty ,  samples  were t aken  from the reacticm mix tu re s  a t  var ious  t ime in te rva l s  t',~rre- 
spond ing  to the  oxygen  u p t a k e  curves  in Fig. I, spo t t ed  on s t r ips  of W h a t m a n  No. i filter paper,  
anti  chroxnatographed,  using a nlodifie(l so lvent  sy s t em of benzene--acetic aeid and water  s and 
phosphomolybd ic  acid as the developing  agen t  v. I t  can be seen t h a t  a spot  appeared  which 
corresponds  to  t h a t  of 3:4-I)1 IT on the control  s t r ip  (Fig. -). E lu t ion  of undeveloped c~maparable 
posi t ions  on the paper ,  f reeze-drying the eluate,  and  sub jec t ing  the resul t ing  powder  to infra-red 
spec t ropho tome t r i c  analysis ,  revealed the  presence of funct ional  groups  on the a romat i c  nucleus 
cons i s ten t  wi th  t h a t  of 3 :4  -DHT. Owing  to h ighly  absorb ing  impur i t i e s  b rough t  down wi th  elut ion,  
it sha rp ly  defined absorp t ion  spec t rum could not  be obta ined .  However ,  all ev idence  poin ts  to 
the  enzymic  inser t ion of an - O H  gr<mp on the benzene nucleus ortho to the, h y d r o x y l  group on 
p-cresol to form 3:4-1)11T as an i n t e rmed ia t e  compound  in melanin  formation.  This  is cons is ten t  
wi th  RAI'ER'S classical  mechan i sm for the ox ida t ion  of ty ros ine  l>y ty ros inasc  in me lan in  for- 
mat ion  ~,9. I t  is n o t e w o r t h y  t h a t  this  i n t e r m e d ia t e  is formed unchanged  even in the presence of 
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Fig. 2. Ch roma tog raph i c  iden t i f ica t ion  of 3 : 4 - D H T  as an i n t e rmed i a t e  in melan in  format ion .  
Reac t ion  m i x t u r e s  ident ica l  wi th  those of Fig. 1.25 p l  of react ion m i x t u r e s  were spo t t ed  a t  origin. 

Controls  con ta ined  2o t lg each of 2 : 4 - D H T  and 3 : 4 - D H T .  
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p-CMB; 3 : 4 - D H T  fo rmat ion  is s lower in absence  of p-CMB a t t e s t i ng  to the  presence of the  
induc t ion  period. 

A sepa ra te  pape r  descr ibing in more  detai l  t h e  work  repor ted here  is now in prepara t ion .  
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Regulation of the uptake of 91ucose by the isolated rat diaphragm 

The  rate  of  ut i l isat ion of glucose by the  isolated ra t  d i a p h r a g m  is t h o u g h t  to be l imited by  the  
ra te  a t  which glucose is t ransfer red  f rom extracel lular  to in t racel lular  wa te r  1. The  up take  of 
glucose by the  isolated ra t  d i a p h r a g m  incuba ted  in vitro in a ba lanced sa l t  solut ion buffered 
with b icarbonate  has  been shown  to be grea ter  unde r  anaerobic  t h a n  aerobic condi t ions  t. These  
observa t ions  sugges t  t h a t  the  access of glucose to those  enzymes  in musc le  which  metabol i se  
i t  is restr ic ted by a process dependen t  upon  oxidat ion.  F u r t h e r  evidence in suppo r t  of  th i s  view 
has  been obta ined  by s t u d y i n g  the  up take  of glucose and  release of po t a s s ium by  isolated ra t  
h e m i d i a p h r a g m s  in vitro i ncuba t ed  in succession under  aerobic and  unde r  anaerobic  condi t ions ,  
and  also under  aerobic condi t ions  in the  presence of 2 :4-d in i t rophenol ,  sod ium arseni te  and  
sod ium cyanide .  

H e m i d i a p h r a g m s  were obta ined  from male  albino wis ta r  ra ts  of IOO-15o g weight  which  
had  been fas ted for 18-24 h. The  condi t ions  of incuba t ion  were as described previouslyL The  
incuba t ion  m e d i u m  was a balanced sal t  solut ion buffered with b icarbona te  s, and  gassed  e i ther  
with 95 % Os, 5 % COs (aerobic conditions) or with 95 % Ns, 5 % COs (anaerobic condit ions) .  
The  up take  of glucose and  release of po tas s ium by the  t i ssue du r ing  incuba t ion  were measu red  
by the  changes  in the  glucose and  po t a s s ium con ten t s  of the  med ium,  glucose being e s t ima t ed  
by So.~oGvi's modif icat ion 4 of Nelson 's  me thod ,  and  p o t a s s i u m  by  flame p h o t o m e t r y .  Glucose 
up t ake  was calcula ted as mg  glucose d isappear ing  from the  m e d i u m / g  of wet  d i a p h r a g m / h  of 
incubat ion  and  po tas s ium release as ?~equiv. po t a s s ium appear ing  in the  m e d i u m / g  of wet  dia- 
p h r a g m / h  of incuba t ion .  

\Vhen d i a p h r a g m s  were incuba ted  anaerobical ly  under  these  condit ions,  bo th  glucose u p t a k e  
and  release of p o t a s s m m  were greater  t h a n  unde r  aerobic condi t ions  (Table I). This  confirms 
earlier observa t ions  for both glucose s and  po tas s ium 5. If d i a p h r a g m s  were incuba ted  anaerobical ly  
for 2o min and  then  aerobical ly  for a fu r ther  4 ° min,  or incuba ted  aerobical ly for 20 rain and  
then  anaerobical ly  for a fur ther  4 ° min,  the  overall  up t ake  of glucose and  release of po tas s ium 
in ei ther  ins tance  were both s ignif icant ly  less t h a n  the  va lues  for d i a p h r a g m s  incuba ted  an-  
aerobical ly  for 6o min  and  s ignif icant ly  grea ter  t h a n  those  for d i a p h r a g m s  incuba ted  aerobical ly 
for 60 rain (Table I). In fu r ther  expe r imen t s  it was found t h a t  the  enhanced  up take  of glucose 
and  release of po tas s ium under  anaerobic  condi t ions  could be readi ly discerned af ter  only 5 rain 
of incubat ion .  Fu r the rmore ,  when  the  condi t ions  of incuba t ion  were changed  af ter  2o min  of 
incubat ion  from anaerobic  to aerobic  or from aerobic to anaerobic  the  ra tes  of up take  of glucose 
and  release of po t a s s ium decreased in the  former  ins tance  and  increased in the  la t te r  wi th in  
IO min of chang ing  the  gas  phase .  T h u s  the  changes  which occur  in the  d i a p h r a g m  under  anaerobic  
condi t ions  and  which lead to increased ra tes  of glucose up take  and  po t a s s ium release can be 
reversed by res tora t ion  of aerobic condi t ions .  

W h e n  d i a p h r a g m s  were incuba ted  aerobical ly  bu t  in the  presence of 2 :4 -d in i t ropheno l  
(5" 1 o -5 3I  or 2.5" i o -4 M), sod ium arseni te  (1 o "-a M) or sod ium cyanide  (i o -s M) the  ra tes  of up t ake  
of glucose and  release of po t a s s ium were very  great ly  increased (Table I). 


