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The biosynthesis of pyoverdins 
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Abstract. 
O b s e r v a t i o n s  a r e  r e p o r t e d  w i c l i  shed  some l i g h t  on t h e  
b i o s y n t h e s i s  o f  t h e  s i d e r o p h o r e s  o f  t h e  genus  Pseudomonas  named 
pyoverd ins  . 
INTRODUCTION. 

Members of  tlie s o - c a l l e d  f l u o r e s c e n t  g roup  of t h e  genus  
Pseudc,nw~ias when grown i n  an  i r o n  d e f i c i e n t  medium produce  comples iny  
compounds ( s o - c a l l e d  p y o v e r d i n s )  which were n o t e d  f i r s t  by Gessar-d i n  
1882 [23 .  I t  t o o k ,  hcmever, a lmos t  n i n e t y  y e a r s  u n t i l  t h e  s t r u c t u r e  of 
t h e  f i r s t  member of t h i s  c l a s s  was e l u c i d a t e d  [ 3 ] .  In t h e  meantime about: 
20 comple t e  or f a i r l y  comple t e  s t r u c t u r e s  o f  pyovercl ins  a r e  known [ q ] .  
They a l l  compr i se  t h r e e  d i s t i n c t  m o i e t i e s ,  wiz. 

( a )  t h e  c l ihydrosyquinol i i ie  chromophore 1 which i s  r e s p o n s i b l e  f o r  t h e  
f luorescence g i v i n g  t h e  b a c t e r i a l  c l a s s  i t s  name; 

( b )  a p e p t i d e  c h a i n  bound t o  t h e  c a r h o x y l  g roup  of  1 u s u a l l y  ( b u t  
n o t  n e c e s s a r i l y )  v i a  i t s  N-terminus and c o n s i s t i n g  of 6 t o  1 2  amino 
a c i d s  ( D  a s  well  a s  L and c o m p r i s i n g  a l s o  innusual - a s  e .  g .  Dab or H s e  
- and d e r i v a t i z e d  - a s  N6-acyl-N6 -1iydrosy-Orn - o n e s )  : and 

( c )  a d i c a r b o x y l i c  a c i d  ( amide )  bound to t h e  amino g roup  o f  1. 
Usua l ly  s e v e r a l  p y o v e r d i n s  d i f f e r i n g  o n l y  i n  t h e  n a t u r e  of t h e s e  
d i c a r b o x y l i c  a c i d s  co-occur  . 

of 
hydr 

The i r o n  (111) c h e l a t i n y  sys tem c o n s i s t s  of t h e  c a t e c h o l  g r o u p i n g  
1 and o f  two hydroxamic a c i d  u n i t s  or one hydroxamic and one a-- 
mxycarboxy l i c  a c i d  sys t em l o c a t e d  i n  t h e  p e p t i d e  c h a i n ,  which h a s  a 

twofo ld  f u n c t i o n ,  1-iz. to  p r o v i d e  t h e  comples ing  centers  i n  t h e  correct 
s p a c i a l  p o s i t i o n  and t o  a l l o w  t h e  r e c o y i i i t i o n  and dock ing  o f  t h e  p r o p e r  
pyove rd in  on t h e  b a c t e r i a l  c e l l  s u r f a c e .  T h e  p e p t i d e  c h a i n s  d i f f e r  for 
t h e  v a r i o u s  Pseudomoaas  speci e s  (.)I: even s u b s p e c i e s .  

DISCUSSION. 

The p e c u l i a r  s t r u c t u r e  o f  t h e  pycsverdins prompted i n v e s t i g a t i o n s  
r e g a r d i n g  t h e i r  b i o g e i i e s i s  - e s p e c i a l l y  t h a t  of t h e  chromphore 1 - 
which w i l l  be  summarized b e l o x .  

( a )  The chroniopliore. The key t o  t h e  u n d e r s t a n d i n g  of t h e  f o r m a t i o n  
o f  1 was t h e  c l i scuvery  t h a t  two o t h e r  p igments  can  be  i s o l a t e d  by 
c a r e f  u 1  work -up  whicli have  t h e  same pegticle c h a i n  a s  t h e  c o - o c c u r r i n g  
p y o v e r d i n s ,  1-i.z. 5 , 6 - d i h y d r o p y o v e r d i n s  and f e r r i h a c t i i i s  [ 5 ,  61 . The 
f e r r i b a c t i i i  chromophore ( 2 )  i s  fo rma l  11- a co i idensa t ion  product: o f  D- 
and L-Dab [ 7 ,  81 . I t  c o m p r i s e s  a l l  tlie s t r u c t . u r a l  e l e m e n t s  n e c e s s a r y  
t h e  f o r m a t i o n  of t h e  5 ,  6-dihydro-ohrnmophore 3 by  r i n g  c losure and 
i n t r o d u c t i o n  o f  t h e  second  1iycIros)'l g roup .  Regard ing  t h e  r i n g  closure .it 
i s  o f  i n t e r e s t  t h a t  a g e n e t i c a l l y  a o d i f i e d  non-f l u o r e s c e n t  mutant  o f  Ps. 
aerugzr insa  produces 4 [ 9 ] .  T h i s  s u g g e s t s  t h a t  2 i s  t r a n s f o r m e d  i n t o  5 
w h i c h  c y c L i z e s  by a t t a ( : k  c . l f  the  NlI-yi:oup o f  t h e  te t ra l iq .d i -op~l ' in i iAj  ne 
r i n g  a t  t h e  t a u t o m e r i c  k e t o  form o f  5 wi th  subsequen t  e l i m i n a t i o n  o f  
Hz 0 .  Phe-hydrosy la se  a c t i v i t y  h a s  been shown €or Ps. aeruginosa arid Ps. 
p u t i d a  [lo, 111. 3 (which  i s  found p r e f e r e n t i a l l ) ,  i n  cu l tu re s  w i t h  a 
h i g h  c e l l .  d e n s i t y  where t h e  l o c a l  0 2  s u p p l y  is  red i iced)  can  t h e n  be 
dehydrogena ted  t o  1. F u r t h e r  e v i d e n c e  f o r  t h e  i n t e r m e d i a c y  o f  2 i i i  the 
b i o s y n t h e t i c  pathway .is t.he i . s u l a t i o n  of an  i s o p y o v e r d i n  w i t h  t h e  
chrornophore 6 f rom a FS. p ~ r t z d a  s t r a i n  which is  formed 131' c y c l i s a t i o n  
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I t  c o u l d  1:ie shown t h a t  1 4  C-Tyr  i s  i n c u r . p o r a t e d  i n t o  1 f o r  Ps. 
aertrginosa \<bile fs. p r i t i d n  appal: .ently uses P h a  ( a n d  n o t  Tyr o r  DOP-4) 
i n t r o d u c i n g  t h e  secoitd hg 'drosyl  a t  a l a t e r  s t a g e  [ l o ] .  A s  s t a t e d  above 
c o n d e n s a t i o n  of D - T ~ T  wit-h L-Dab would l e a d  d i r e c t l y  t o  2 .  Such 
c o n d e n s a t i o n  p r o d u c t s  o f  Dab w i t h  o t h e r  amino a c i d s  ( 2 .  a . ,  Gln and S e r )  
have been E ~ i i d  i n  var ic ius  pyove rd in  p e p t i d e  c h a i n s  [13, 1.11. h r e s e a r c h  
g roup  froin Minsk  [ I51  d e m o n s t r a t e d ,  however ,  t h a t  for n o n - f l u o r e s c e n t  
mutan t s  of Ps. p r i t i d a  whose p y r i m i d i n e  b i o s y n t h e s i s  was b locked  a t  
d i f f e r e n t  s t a g e s  t h e  pyove rd in  p r o d u c t i o n  was r e s t o r e d  by a u s o t r o p h i c  
c l i h y d r o o r o t a t e .  T h i s  1~c1ulc1 inean t h a t  n o t  Dab b u t  r a t h e r  Asp is  t h e  
second p r e c u r s o r  of 1 and 7 r a t h e r  t han  2 wou1.d be t h e  i n t e r m e d i a t e .  In 
a d d i t i o n  to t h e  mr:)ot p o i n t  whether  t h e  Dab- .condensa t ion  p r o d u c t s  i n  the 
p e p t i d e  c h a i n s  a r e  a1 so dihq 'drooro t  i c  a c i d  d e r i v a t  i v e s  c o n c l u s i o n s  based  
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on ausotropliisni i n  mutants  blocked i n  t h e  g e n e t i c  realm have t o  be 
t r e a t e d  w i t h  c a u t i o n .  S t u d i e s  w i t h  l a b e l l e d  a l l e d g e d  p r e c u r s o r s  of 2 a r e  
on t h e  way. That 2 i s  a c t u a l l y  t h e  p r e c u r s o r  of 1 f o r  P s .  c l i l o r o r a p h i s  
i s  very l i k e l y  from t h e  fo l lowing  experiment:  The s t r a i n  ATCC 9446 when 
grown w i t h  (15NH4 ) z S O ~  a s  t h e  on ly  n i t r o g e n  source  produces both a 
pyoverdin and a f e r r i b a c t i n  l a b e l l e d  i n  a l l  p o s i t i o n s  w i t h  1 5 N .  Feeding 
experiments  ~ i t l i  t h e  l a b e l l e d  f e r r i b a c t i n  y i e l d e d  a pigment which i n  i t s  
FAB mass spectrum showed t h e  iuass of the [M + HI+ i on  of t h e  c o m p l e t e l ~ .  
l a b e l l e d  pyoverdin [241. 

( b )  The p e p t i d e  c h a i n .  Rather l i t t l e  i s  known i n  this a r e a .  'There 
i s  evidence t h a t  t h e  s y n t h e s i s  is  ef fectecl by non-ribosomal 
po ly fu i i c t iona l  enzyme systems 116, 171 i n  analogy t o  t h a t  of p e p t i d e  
a n t i b i o t i c s  [18] . These enzymes a p p a r e n t l y  have a l s o  epimerase a c t i v i t y  
to  p rov ide  t h e  D.-aminc.) a c i d s  encountered i n  the pyovei:~tlins. In agreement 
K i t h  t h e  assumption of ( a t  l e a s t  p a r t i a l )  e s t r a c e l l u l a r  p rocesses  i s  t h e  
o b s e r v a t i o n  [19] of a change i n  membrane p r o t e i n s  and an i n c r e a s e  of 
b r o t h  p r o t e i n s  f o r  v a r i o u s  Ps. s p p .  when grown under i r o n  def i c i enc l - .  
Formation of t h e  hydroxamic a c i d s  from Orn (N-hydroxylat ion and - 
a c y l a t i o n )  seems t o  be an e a r l y  s t e p  i n  t h e  p e p t i d e  c h a i n  s y n t h e s i s  
r201. 

( c )  Dica rboxy l i c  a c i d s .  A l l  d i c a r b o x y l i c  a c i d  (amides)  
encountered s o f a r  belong t o  t h e  c i t r i c  a c i d  c y c l e .  The s t a r t i n g  p o i n t  i s  
G l u  i n  agreement w i t h  t h e  o b s e r v a t i o n  t h a t  f e r r i b a c t i n s  were found with 
G l u  o n l y .  G l u  and a - k e t o g l u t a r i c  a c i d  form an e q u i l i b r i u m  d u r i n g  t h e  
growth of t h e  b a c t e r i a  t h e  r a t e  of i n t e r c o n v e r s i o n  changing c o n s t a n t l y .  
Succinaniide can be found from t h e  s t a r t  of t h e  pyoverdin p roduc t ion  i n  
agreement w i t h  t h e  o b s e r v a t i o n  t h a t  dihydropyoverdins  w i t h '  a Glu and a 
succinarnide s i d e  cha in  a r e  found [21 ] .  
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( d )  Combination of t h e  t h r e e  p a r t s .  Nej.er pronounced t h e  op in ion  
1171 t h a t  t h e  f i r s t  s t e p  i n  t h e  b i o s y n t h e s i s  of pyoverdins  is t h e  
formation of an amino a c i d  c h a i n  comprising t h e  elements  of 2 and G l u  
( s e e  preceding s e c t i o n ) .  Nakszmo\.a 1153 owing t o  he r  conc lus ion  t h a t  t h e  
Eormation of 2 is connected Kith t h e  pyrimidine b a s e s  s y n t h e s i s  
p o s t u l a t e s  an independent b u i l d i n g  of t h e  t h r e e  elements .  I r r e s p e c t i v e  
of t h e  f a c t  whether he r  i d e a s  a r e  c o r r e c t  t h e r e  i s  c i r c u m s t a n t i a l  
evidence t h a t  a t  l e a s t  t h e  formation of 2 and of the  p e p t i d e  c h a i n  a r e  
indepedent  p rocesses  a s ,  i. a . ,  t h e  formation of 4 by a mutant s t r a i n  
not  a b l e  t o  a t t a c h  t h e  p e p t i d e  cha in  [ 9 ] .  I n  a d d i t i o n ,  f o r  a l l  
pyoverdins  whose s t r u c t u r e  has  been e l u c i d a t e d  s o f a r  t h e  amino a c i d s  of 
t h e  p e p t i d e  cha in  a r e  l i n k e d  by g e p t i d i c  b~i ic ls ,  i .  e .  , v i a  t h e i r  a-amino 
groups [4]  ( t h e  on ly  excep t ion  mentioned i n  t h e  l i t e r a t u r e  [22] - t h e &  - 
amino group of Lys  - i s  d o u b t f u l  [ 4 J I  while  the p e p t i d e  cha in  i t s e l f  call 
be a t t a c h e d  t o  t h e  c a r b o s y l  group of  1 by an aniide a s  well a s  an es ter  
bond. G l u  i s  bound t o  t h e  amiiin group of  1 always by i t s  5-carboxyl 
group. 

CLASSIFICATION OF Pseudomonas. 

The c l a s s i f i c a t i o n  s y s t e m  of t h e  genus Pseudomoiias is  under 
d i s c u s s i o n  [ 231 . I n  t h i s  c u n t e x t  t h e  unique s t r u c t u r e s  of t h e  pyoverdins  
g a i n  i n  importance: The d i f f e r e n t  p e p t i d e  c h a i n s  of t h e  v a r i o u s  
s p e c i e s  and subspec ie s  a r e  a s a f e  means f o r  an i d e n t i f i c a t i o n  a s  s o f a r  
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o n l y  one e s c e p t i o n  o f  t h i s  r u l e  h a s  been  found:  P s .  flrioi-esceiis ATCC 
13525 and Ps. ( ~ l i l o r c ) r a p 1 i i s  AT('(' 9 4 4 6  produce  i d e n t i c a l  p y o v e r d i n s  and 
p s e u d o b a c t i n s  [ 2 4 ]  : t h e  i d e n t i f i c a t i o n s  of t h e s e  two s t r a i n s  s h o u l d ,  
t h e r e f o r e ,  be  r e c h e c k e d )  . The f a c t  t h a t  Azonioisas m a c r o c y t o g e n e s  ATCC 
12334 p r o d u c e s  a pyove rd in  [ 2 5 ]  d e m o n s t r a t e s  i t s  close r e l a t i o n s h i p  t o  
t h e  f l u o r e s c e n t  g roup  of Pseudontc~nas .  A recent d i s c o v e r y  i n  t h i s  
l a b o r a t o r y  [ 241 a l l o w s  t h e  same c o n c l u s i o n  for A z o t o b a c t e r  viiiel a i i d i i  : 
The chromophore o f  i t s  s i d e r o p h o r e s  ( a z o t o b a c t i n s )  d i E f e r 8  from 1 by a 
CO-bridge between two N-atoms ( 8 )  [ 2 6 ,  271. We c o u l d  n o w  slim t h a t  P s .  
c h l o r o r a p h i s  produces  a yyove rd i i i ,  a f e r r i b a c t i n  and an a z o t o b a c t i n  
hav ing  t h e  same p e p t i d e  c h a i n .  
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