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Excretion of Porphyrins  by Bacteria 

Most  m i c r o o r g a n i s m s  a n d  a n i m a l  cells excre te  v e r y  
small ,  b io logica l ly  in s ign i f i can t  a m o u n t s  of p o r p h y r i n o -  
gens  (plus po rphyr ins ) ,  t o g e t h e r  w i t h  t h e i r  p recurso r s  
p o r p h o b i l i n o g e n  a n d  & a m i n o l e v u l i n i c  acid (ALA), w h i c h  
for  reasons  of e c o n o m y  are  n o t  u t i l ized  fu r the r .  Th i s  
f ac t  b y  i tsel f  suggests  t h a t  t h e  s y n t h e t i c  p a t h w a y  wh ich  
c u l m i n a t e s  in he ine  is s u b j e c t  to  s t r i c t  mo lecu la r  cont ro l .  
T h e  k e y  e n z y m e  is A L A  s y n t h e t a s e .  A L A  is t h e  r a t e -  
l im i t i ng  m e t a b o l i t e  in  t he  b i o s y n t h e s i s  of po r phy r in s ,  
a n d  t h e  p r o s t h e t i c  g roup  of t h e  c y t o c h r o m e s .  I n  o rde r  
to  o v e r c o m e  t h e  l i m i t i n g  fac to r s  in  p o r p h y r i n  syn thes i s ,  
a h i g h  c o n c e n t r a t i o n  of A L A  is r e q u i r e d ;  i t  c an  be  sup-  
p l ied  endogenous ly  b y  i n d u c t i o n  of t h e  s y n t h e t a s e ,  or  
s u p p l e m e n t e d  exogenous ly .  I n  t he  second case, i.e., 
w h e n  A L A  is added ,  t he  r egu la t i ve  f u n c t i o n  of t h e  syn-  
t h e t a s e  is bypassed ,  a n d  t h e  t o t a l  p o r p h y r i n  syn thes i s  is 
la rgely  d e p e n d e n t  on  t h e  a v a i l a b l e  s u b s t r a t e .  However ,  
t he  cells are  n o t  c apab l e  of u t i l i z ing  t h e  g rea t e r  p o r t i o n  
of t h e  excess p o r p h y r i n o g e n s  f o r m ed ;  t h i s  is l a rge ly  
i n d e p e n d e n t  of t h e  a v a i l a b i l i t y  of suf f ic ien t  i ron  for 
syn thes i s  of he ine  p ro te ins .  T he  cells avo id  u n l i m i t e d  
a c c u m u l a t i o n  of p o r p h y r i n o g e n s  a n d  p o r p h y r i n s  b y  ex- 
c r e t i ng  these  subs t ances .  Th i s  is equa l ly  t r u e  of micro-  
o rgan i sms  ~,-° a n d  of a n i m a l  cells, e.g., l iver  cells in  por-  
p h y r i a  c u t a n e a  t a r d a  in  m a n  3, or ch ick  e m b r y o  l iver  ceils 
g rowing  in cu l t u r e  a f t e r  i n d u c t i o n  4. 

F o r  t h e  fo l lowing s t u d y  o n  t h e  exc re t i on  of p o r p h y r i n s  
in  l imi t ed  a n d  u n l i m i t e d  p o r p h y r i n  syn thes i s ,  3 species 
of b a c t e r i a  were chosen :  Escherichia coli, Pseudomonas 
aerugi,msa, a n d  A chromobacter metalcaligenes. 

Experimental.  T h e  sources  of these  o r g a n i s m s  h a v e  
been  l i s ted  in  a p r ev ious  p a p e r  s. T h e y  were g r o w n  on  a n  
a m m o n i u m - l a c t a t e - m i n e r a l  m e d i u m *  w i t h o u t  supple-  
m e n t a l  i ron.  I n  o rder  to  ensure  u n l i m i t e d  p o r p h y r i n  
syn thes i s ,  a c o n c e n t r a t i o n  of 0.3 m M  of A L A  was  
chosen.  Cul tures  of 150 mt  each  were g rown  in  500-ml  
E r l e n m e y e r  f lasks  u n d e r  m o d e r a t e  a e r a t i o n  2 for up  to 
40 h. Cells and  cu l tu re  f lu id  were a n a l y z e d  s e p a r a t e l y  ~, 
w h e r e b y  t h e  p o r p h y r i n s  a n d  he ine  were  d e t e r m i n e d  as 
t h e i r  m e t h y l  esters*. 

Results. Tab le  I shows t h e  d i f f e ren t  p a t t e r n s  of por-  
p h y r i n s  p r o d u c e d  b y  E. coli, Ps.  aeruginosa, a n d  A .  metal- 
caligenes grown  w i t h  endogenous  or exogenous  A L A ;  
l a c t a t e  was  t h e  sole source  of energy.  S u p p l e m e n t a l  A L A  
s t i m u l a t e d  p o r p h y r i n  a n d  he ine  syn thes i s  in  all 3 orga-  
n isms,  w h e r e b y  t h e  mode  of u t i l i za t ion  of ava i l ab l e  A L A  
var ies  acco rd ing  to  the  p r i m a r y  e n z y m a t i c  e q u i p m e n t  
of e ach  o rgan i sm.  Ps. aeruginosa, whose  c a p a c i t y  for  
p o r p h y r i n  p r o d u c t i o n  f rom endogenous  A L A  is g r e a t e r  
t h a n  t h a t  of E.  coli or A.  metalcatigenes, also shows  t h e  
h ighes t  r a t e  of p o r p h y r i n  syn thes i s  f rom exogenous  ALA.  

U r o p o r p h y r i n  is t h e  m a i n  p r o d u c t  fo rmed  in  t h e  p re sence  
of a d d e d  ALA.  Of i n t e r e s t  is t h e  a p p e a r a n c e  of cons ider -  
ab le  q u a n t i t i e s  of t h e  p o r p h y r i n s  w i t h  7, 6, a n d  5 ca rb -  
oxy l  groups .  More  t h a n  ha l f  of t i le  p o r p h y r i n s  f o u n d  in 
t h e  f luid are  exc re t ed  in t h e i r  r educed  form.  Th i s  can  
be  in fe r red  f r o m  t h e i r  s u b s e q u e n t  o x i d a t i o n  d u r i n g  
i n t e n s i v e  a e r a t i o n  of t h e  cells in  t h e  course  of h a r v e s t i n g ,  
as wel l  as  f rom t h e  effect  of acid,  a n d  is r e spons ib l e  for  
t h e  in tens i f i ed  f luorescence fo l lowing such  t r e a t m e n t .  
P r o c e e d i n g  f rom t h e  d a t a  in  T a b l e  I, t h e  i n t r a -  a n d  
ex t r ace l l u l a r  p e r c e n t  d i s t r i b u t i o n s  of t h e  p o r p h y r i n s  a re  
p r e s e n t e d  in T a b l e  I I .  N o r m a l l y  t h e  o r g a n i s m s  exc re te  
p r ac t i ca l l y  no  p r o t o p o r p h y r i n  in to  t h e  m e d i u m .  I n  
syn thes i s  f rom endogenous  A L A  t h e y  re lease  on ly  copro-  
p o r p h y r i n  (E. coli a n d  A.  metalcaligenes) a n d  h i g h e r  
c a r b o x y l a t e d  p o r p h y r i n s  (Ps. aeruginosa). W h e n  A L A  
is ava i l ab l e  in  excess for p o r p h y r i n  syn thes i s  (Table  I), 
all  p o r p h y r i n  species, i nc lud ing  p o r p h y r i n o g e n s ,  a p p e a r  
in  t he  m e d i u m .  W h e r e a s  ove r  97% of t he  u r o p o r p h y r i n  
is excre ted ,  7 8 - 9 3 %  of t h e  p o r p h y r i n s  w i t h  7 to  4 car-  
b o x y l  groups,  a n d  as m u c h  as 50% of t he  t r i c a r b o x y l i c  
po rphyr in s ,  are  exc re t ed ;  t he  on ly  p o r p h y r i n  w h i c h  can  
be  u t i l ized  in o t h e r  b io syn the se s  is p r o t o p o r p h y r i n ,  w h i c h  
is los t  to  t he  e x t e n t  of on ly  15 -27%.  Simi lar ly ,  on ly  u p  
to  30% of t h e  h e m e  is passed  in to  t h e  m e d i u m ,  a l t h o u g h  
i ts  r a t e  of syn thes i s  increases  3- to  5-fold in  t h e  p re sence  
of exogenous  A L A ;  if on ly  e n d o g e n o u s  A L A  is ava i l ab le ,  
a b o u t  17% is excre ted .  

T h e  t r a n s p o r t  of p o r p h y r i n s  a n d  h e m e  invo lves  mac ro -  
molecules ,  o n t o  w h i c h  t h e  p o r p h y r i n s  are  b o u n d  b y  
m e a n s  of t h e i r  c a rboxy l i c  ac id  s ide cha ins .  T h e  cu l t u r e  
f lu ids  in  p o r p h y r i n  a c c u m u l a t i o n  a re  r i ch  in l ipopro te in .  
I n  cu l t u r e  f lu id  f rom A.  metalcaligenes, p r o t o p o r p h y r i n  
was  f o u n d  to  be b o u n d  to  a m a c r o m o l e c u l a r  f r a c t i o n  6. 
T h i n - l a y e r  c h r o m a t o g r a p h y  a n d  gas  c h r o m a t o g r a p h i c  
ana lys i s  7 of t h e  l ip id  c o m p o n e n t  of t h e  mac romolecu l e s  
p r e sen t  in  t he  s u p e r n a t a n t  of cu l tu re s  of A.  metalealigenes 
has  s h o w n  i t  t o  c o n t a i n  a m i x t u r e  of waxes,  cons i s t ing  
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Table I. Biosynthesis of porphyrins and heine from endogenous and exogenous ALA in E. coli, Ps. aeruginosa, and A. metalcahgenes 

Organism Addition Heme TotM 
of ALA pMol/mg porphyrins 

pMol/mg 
dry weight 

Percent distribution of porphyrins 

8 COOH 7 COOH 6 COOH 5 COOH 4 COOtt 3 COOH 2 COOH 

E. coli - -  18.7 38.6 
+ 61.9 724.5 

Ps. aeruginosa --  10.5 141.5 
+ 51.0 1822.5 

A. metalcaligenes - -  24.7 26.2 
+ 79.2 707.8 

8.7 3.6 1.3 2.3 52.0 8.1 24.0 
34.2 12.2 4.3 7.7 21,5 8.5 11.6 
6.1 3.5 1.6 14.8 65,0 4.3 4.7 

61.0 8.1 3.5 8.3 14.2 2.5 2.4 
8.0 5.0 1.2 2.5 22.1 15.3 45.9 

35.8 12.8 4.6 9.7 14.2 8.3 14.6 
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Table II. Excretion of porphyrins and heme from the cells 
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Organism 
Porphyrins according to the biosynthetic chain 

Addi- Heme Total 
tion porphy- 8 C00H 7 COOH 6 C00H 5 COOH 
of ALA tins 

Percentage found in the culture fluid. 

4 C 0 0 H  3COOH 2COOH 

E. coli - -  15.4 17.8 . . . .  73.2 - - 
+ 29.1 71.2 91.7 76.4 77.9 76.4 86.8 49.3 24.3 

Ps. aeruginosa - -  16.4 58.4 66.4 38.5 - 75.4 88,2 43.2 - 
+ 27.5 89.3 96.4 86.4 87.8 85.3 89.7 53.5 16.7 

A. metalvaligenes --  18.5 16.3 . . . .  70.7 - - 
+ 26.7 69.8 91.6 73.8 78.5 76.9 84,3 50.7 24.5 

m a i n l y  of s a t u r a t e d  a lcohols  a n d  f a t t y  acids  w i t h  cha in  
l eng th s  of C14, C,s, a n d  Clss. 

Discussion. The  exc re t ion  of c o p r o p o r p h y r i n - I I I  u n d e r  
cond i t ions  of i ron  def ic iency  was o b s e r v e d  in  va r ious  
bac te r i a ,  especia l ly  in  Corynebacterium diphtheriae 9. The  
m e d i u m  for  E. coli, Ps. aeruginosa, a n d  A.  metalcaligenes 
in  t h e  e x p e r i m e n t s  u n d e r  d iscuss ion  he re  l ikewise  con-  
t a i n e d  i ron  c o n c e n t r a t i o n s  of less t h a n  0.1 ~zM. Sup-  
p l e m e n t a l  i ron  (10 vM)  e n h a n c e s  t h e  p r o d u c t i o n  of h e m e  
b y  5 0 - 1 0 0 % ,  a n d  reduces  p o r p h y r i n  s y n t h e s i s  b y  a b o u t  
40% s. However ,  i t  h a s  no  in f luence  on  t h e  r e l a t ive  
d i s t r i b u t i o n s  of t h e  i n d i v i d u a l  p o r p h y r i n s  b e t w e e n  the  
cells a n d  t h e  m e d i u m .  

T h e  e l i m i n a t i o n  of c o p r o p o r p h y r i n  in  con t ro l l ed  por-  
p h y r i n  syn thes i s  is of genera l  b io logica l  i n t e r e s t :  Micro-  
o rgan i sms ,  m a m m a l s ,  a n d  m a n  exc re t e  p r e d o m i n a n t l y  
c o p r o p o r p h y r i n ,  a long  w i t h  smal l e r  a m o u n t s  of t h e  por-  
p h y r i n s  b e a r i n g  8 to  3 c a r b o x y l  groups,  a l l  of w h i c h  
r e m a i n  in  t h e i r  r educed  fo rms  d u r i n g  h e m e  b iosyn thes i s .  
Mic roo rgan i sms  a n d  a n i m a l  cells show ana logous  be-  
h a v i o r  w h e n  p o r p h y r i n  s y n t h e s i s  c an  p roceed  w i t h o u t  
l i m i t a t i o n ,  i.e., in  t h e  p re sence  of a d d e d  ALA,  or  of 
inc reased  a c t i v i t y  of A L A  s y n t h e t a s e .  T h e  g r ea t e r  por -  
t i o n  of t h e  p o r p h y r i n s  w i t h  8 to  4 c a r b o x y l  groups,  a n d  
ove r  90% of t h e  u r o p o r p h y r i n ,  are  e l i m i n a t e d  f rom t h e  
cells ( congen i ta l  p o r p h y r i a  1° a n d  p o r p h y r i a  c u t a n e a  
t a rdaa ) .  E v e n  p r o t o p o r p h y r i n  is excre ted  ( e ry th ropo ie t i c  
p r o t o p o r p h y r i a  a n d  p o r p h y r i a  va r i ega ta l ° ) ,  if, as is t h e  
case w i t h  m i c r o o r g a n i s m s  to  w h i c h  A L A  is added ,  m o r e  
p r o t o p o r p h y r i n  is p r o d u c e d  t h a n  can  be  u t i l ized  in he ine  
syn thes i s .  T h e  p a t t e r n  of d i s t r i b u t i o n  of p o r p h y r i n s  w i t h  
8 to  5 c a r b o x y l  g roups  fo l lowing syn thes i s  f rom a d d e d  
A L A  is s t r ik ing ly  s imi l a r  to  t h a t  f o u n d  in  chron ic  h e p a t i c  
p o r p h y r i a  s, w h i c h  sugges ts  t h e  ex is tence  of a s imi la r  
e n z y m a t i c  m e c h a n i s m  of s tepwise  d e c a r b o x y l a t i o n  of 
u r o p o r p h y r i n o g e n  in  b o t h  t y p e s  of cells. 

T h e  e l i m i n a t i o n  of 7 0 - 9 0 %  of t h e  t o t a l  p o r p h y r i n s  
f o r m e d  f rom exogenous  A L A  in  E. coli, I s .  aeruginosa, 

a n d  A. metalcaligenes m u s t  p r o b a b l y  be  r e g a r d e d  as u 
m e c h a n i s m  for  t h e  p r o t e c t i o n  of the  cell, whose  n o r m a l  
processes  would  m o s t  l ike ly  be  d i s r u p t e d  if e x t r e m e l y  
large  a m o u n t s  of p h o t o a c t i v e  p o r p h y r i n  ca rboxy l i c  acids  
were to  a c c u m u l a t e .  These  e x p e r i m e n t s  i l l u s t r a t e  once  
aga in  t h e  s u i t a b i l i t y  of m ic roo rgan i sms  as mode l  sys t ems ,  
espec ia l ly  for  t h e  s t u d y  of t he  pr inc ip les  u n d e r l y i n g  t h e  
exc re t i on  of  p o r p h y r i n s ,  wh ich  a p p a r e n t l y  are  of gene ra l  
va l i d i t y .  

Zusammen/assung. Escherichia coil, Pseudomonas aeru- 
ginosa u n d  Achromobacter metalcaligenes b i lden  s i imtl iche,  
de r  B i o s y n t h e s e k e t t e  z u m  Hi~m e n t s p r e c h e n d e n  P o r p h y -  
r i ne  aus  e n d o g e n e r  6-Aminol~ivul insi iure (ALS)  u n d  schei-  
d e n  K o p r o p o r p h y r i n  n n d  H ~ m  aus.  P o r p h y r i n s y n t h e s e -  
s t i m u l a t i o n  m i t  exogener  A L S  f i ih r t  h i n g e g e n  zur  E l imi -  
n a t i o n  auch  der  f ibr igen P o r p h y r i n e  aus  d e n  O r g a n i s m e n ,  
wobei  die h 6 h e r  c a r b o x y l i e r t e n  zu 7 8 - 9 9 %  in  die K u l t u r -  
f lf issigkeit  f ibergehen u n d  P r o t o p o r p h y r i n  n o c h  zu f iber 
75% in den  Zel len v e r b l e i b t .  
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Regionale Inkorporation der optischen Isomeren der Aminosiiure Prol in-H 3 im Autorad iogramm 
des M i i u s e g e h i r n s  1 

D, L-Prot in  wi rd  i m  G e g e n s a t z  zu a n d e r e n  Aminos/~uren 
in  v e r s c h i e d e n e n  H i r n r e g i o n e n  de r  Maus  sehr  u n t e r s c h i e d -  
l ich e i n g e b a u t  ~-4. D as  E n z y m  D-Aminos i iu re -Oxydase  
weis t  im  G e h i r n  de r  Maus  s n n d  a n d e r e r  SAugerspecies s 
ebenfa l l s  betr~tcht l iche reg iona le  A k t i v i t g t s u n t e r s c h i e d e  

auf.  D a h e r  e r s c h e i n t  e in  Verg le ich  de r  t o p o g r a p h i s c h e n  
V e r t e i l u n g  dieses E n z y m s  m i t  d e m  E i n b a u v e r h a l t e n  de r  
o p t i s c h e n  I s o m e r e n  des P ro l in s  im G e h i r n  y o n  In teresse .  

M/ innl iche  M/iuse des  S t a m m e s  N M R I / H a n .  e rh i e l t en  
im Al t e r  yon  12 W o c h e n  je  20 tzCi/g K 6 r p e r g e w i c h t  D, L- 


