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s i x t i e t h  b i r t h d a y  

I t  i s  proposed that  the cataboZism o f  heme t o  b i z h e r d i n  

invoZves a i n i t i a l  epoxidation o f  a protein-bound porphyrin 

a t  the exposed y-methine bridge. Rearrangement of  the y- t o  

an a-epoxide JbZZmed by ring opening iz a homooxaporphyrin 

would generate an eZectron-rich system capabZe o f  reacting 

with moZecuZar oxygen t o  form a dioxetane. Fragmentation o f  

the dioxetane t o  a mono fomnate es ter  o f  biziverdin foZZowed 

by Zoss o f  carbon monoxide wouZd give the biZe pigmat.  

The i n  vivo degradat ion of heme t o  b i l i v e r d i n  presents an a r r a y  o f  

chemical t rans fo rmat ions  tha t ,  i n  many respec ts  a re  w i t hou t  precedent i n  

o the r  chemical systems (1). Cleavage of t he  heme r i n g  ( 1 ) has been shown 

t o  occur  e x c l u s i v e l y  a t  

t he  a - p o s i t i o n  accompanied 

by a remarkable decarbony- 

l a t i o n  t o  g i v e  b i l i v e r d i n  
I 

IXa ( 2 )  and carbon monoxide. 1 p 



The evo lu t i on  of carbon monoxide from blue-green alga (2 )  and p lan ts  (3 )  

suggests t h a t  the format ion o f  b i l e  pigments i n  these systems proceeds 

i n  a s i m i l a r  fashion. The s p e c i f i c i t y  o f  r i n g  cleavage a t  the a -pos i t i on  

o f  heme i s  absolute w i t h  the exception t h a t  b i l i v e r d i n  I X Y  i s  found ( 4 )  

i n  the integumental c e l l s  o f  t he  c a t e r p i l l a r  o f  t he  cabbage b u t t e r f l y  

Pieris brassicae. We f e e l  t h a t  the natura l  occurrence o f  the Y-isomer i s  

s i g n i f i c a n t ,  and i t s  occurrence must, along w i t h  t h a t  of t he  a-isomer, be 

explained as p a r t  o f  a general scheme f o r  heme catabolism. 

The reac t i ons  which account f o r  b i l e  pigment format ion have been the  

center o f  a l a rge  number of studies.  As vet, however, a reasonable and 

r a t i o n a l  explanat ion of the t o t a l  

reac t i on  mechanism has been elu-  

s ive,  r e s u l t i n g  i n  a l a rge  and 

o f ten con t rad i c t i ng  1 i t e r a t u r e  

5 Tenhunen et a2 (6) have 

proven a requirement fo r  molec- 

u l a r  oxygen i n  the metabol ic 

react ion .  Using 1802 and ~ ~ ' ~ 0  

they showed t h a t  the terminal  

lactam oxygens of b i l  i ve rd in ,  

and the  carbon monoxide oxygen, 

were a l l  der ived from molecular 

oxygen no t  water. The fu r the r  

observat ion ( 7 )  t h a t  t r i t i a t e d  

Fe(II1)a-oxomesoporphyrin ( 4  ) 

gave t r i t i a t e d  mesobi l i verd in  

prompted the  pos tu la t i on  t h a t  
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a-hydroxyheme ( 3 )  was an in te rmed ia te  i n  t he  reac t i on .  Jackson e t  a t  (8 )  

then f u r t h e r  suggested t h a t  a d d i t i o n  of mo lecu la r  oxygen t o  t he  tau tomer ic  

a-oxoheme ( 4  ) occur red  t o  g i v e  t he  peroxide ( 5 )  which should spontane- 

ous l y  decarbonylate i n  a nlanner analogous t o  t h a t  e x h i b i t e d  ( 9 )  by t e t r a -  

phenylcyclopentddienone. 

Fu r t he r  evidence f o r  the  intermediacy of an a-hydroxyheme was prov ided 

by t he  e a r l y  work of Lemberg (10)  on t h e  coupled o x i d a t i o n  o f  p y r i d i n e  hemo- 

chrome ( b i s  p y r i d i n e  f e r rop ro topo rphy r i n ) .  Treatment o f  p y r i d i n e  hemochrome 

w i t h  ascorbate and oxygen r e s u l t e d  i n  format ion o f  the  green verdochrome 

( 7 o r  8 ) which cou ld  be r e a d i l y  hydrolysed w i t h  d i l u t e  HC1 t o  b i l i v e r d i n .  

S i m i l a r l y  oxygenat ion of a p y r i d i n e  s o l u t i o n  of mesohydroxyporphyrins 

r e s u l t e d  i n  t he  f o rma t i on  o f  green pigments. Lemberg (10) r a t i o n a l i s e d  t h i s  

i n  terms of a hydroperoxide at tached on the  a -py r ro l  i c  carbon t o  g i v e  6 

which was fo l lowed by decarbony la t ion  (Scheme 1 ) .  Lemberg extended t h i s  

theory  and suggested t h a t  t he  i n  viva and coupled reac t i ons  took the  same 

oath.  

Because o f  i t s  metabo l i c  s i g n i f i c a n c e  t he  work on the  coupled oxida-  

t i o n  was extended by Bonnett and McDonagh (11) who showed t h a t  in v i t m  

a t t a c k  occurred randomly a t  a l l  f o u r  methine b r idges ,  d i scoun t i ng  the  

e a r l i e r  p o s t u l a t i o n  o f  Lemberg (10)  t h a t  t he  s p e c i f i c i t y  o f  t he  metato l  i c  

r e a c t i o n  was due t o  an i n t r i n s i c  a c t i v a t i o n  o f  t he  heme a -pos i t i on .  How- 

ever, s p e c i f i c i t y  cou ld  be in t roduced i n t o  the  coupled o x i d a t i o n  r e a c t i o n  

when t he  heme was bound t o  g l o b i n  o r  apomyoglobin. O'Carra ( l b )  de te r -  

mined t h e  r a t i o  o f  isomers formed on coupled o x i d a t i o n  of a v a r i e t y  o f  

hemoproteins and found a g r e a t l y  enhanced a c t i v i t y  towards t he  a and, t o  

a l e s s e r  ex ten t ,  t he  6 methine br idges.  Thus i t  appears t h a t  t he  protein 

and n o t  t he  po rphy r i n  i s  impa r t i ng  s p e c i f i c i t y  t o  t h e  a br idge .  Th i s  



observat ion i s  p a r t i c u l a r l y  puzz l ing  s ince i n  myoglobin (which showed 100% 

a s p e c i f i c i t y )  t he  a methine br idge i s  bur ied deep w i t h i n  the p r o t e i n  (12) 

and thus apparent ly inaccess ib le  t o  an a t tack ing  group. Brown (13) has 

suggested t h a t  the a t tack ing  oxygen molecule i s  bound t o  the cen t ra l  f e r rous  

i o n  and t h a t  the p r o t e i n  o r i en ta tes  i t  t o  s p e c i f i c a l l y  a t t a c k  the a pos i -  

t i o n .  There i s ,  however, no example o f  oxygen bound t o  fe r rous i o n  promot- 

i n g  ox ida t i on  o f  t he  porphyr in  t o  which i t  i s  bound (14), nor t o  suppose 

t h a t  each o f  t he  separate p ro te ins  should have the  same o r i e n t a t i n g  e f f e c t .  

Tenhunen et a2 ( 6 )  o r i g i n a l l y  showed t h a t  both terminal  oxygen atoms 

o f  b i l i r u b i n  were der ived from molecular oxygen. This apparent ly e l i m i -  

nates verdoheme ( 7 ,  8 )  as an intermediate i n  the enzymic reac t i on  s ince 

the  conversion o f  verdoheme t o  b i l i v e r d i n  incurs  a h y d r o l y t i c  step whereby 

tI2l80 should be incorporated i n t o  the b i l e  pigment. Furthermore, the 

recen t  double l a b e l l i n g  experiments of Brown et aZ (15) show t h a t  the two 

termina l  oxygens o f  the b i l e  pigment de r i ve  from m o  different oxygen 

molecules. Th is  i n  t u r n  e l iminates  symmetr ical ly  br idged intermediates 

o f  the type ( 5  ) which would fragment t o  g ive  b i l e  pigments where the 

terminal  oxygen atoms were der ived from the same molecule of oxygen. 

It i s  thus apparent t h a t  none of t he  hypotheses concerning the 

chemical product ion o f  b i l e  pigments from heme have stood the t e s t  of 

experiment. Moreover, none have conv inc ing ly  explained the  stereospeci f -  

i c i t y  of t he  react ion .  We propose here a mechanism (Scheme 2) i n v o l v i n g  

the  intermediacy of a porphyr in  epoxide (10) and based upon chemistry w i t h  

ample precedent which exp la ins  a l l  of the d iverse observations of both the  

in vivo and in vitro metabolism of heme. 

I t  had been suggested t h a t  the i n i t i a l  oxidant i n  the degradation o f  

hewe behaved l i k e  a modi f ied  cytochrome P-450 ( l a ,  16, 17). This view has 
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recen t l y  been challenged by 

Yoshida and Kikuchi (18) who 

suggest t h a t  heme oxygenase 

i s  a p ro te in  which by binding 

heme n~akes i t  more suscept ib le 

to  oxidat ion.  Thus i t  i s  not 

y e t  c l e a r  whether the in vivo 

react ion proceeds intermolec- 

u l a r l y  (6, 16) o r  intramolec- 

u l a r l y  (17) o r  what form the 

i n i t i a l  ox ida t ion  takes. 

The mechanism of ac t i on  

of P-450 has oxene-l ike char- 

a c t e r i s t i c s  (19), and the P-450 

induced hepatic d e t o x i f i c a t i o n  

Heme Oxygenase 

/ 

P 7 P  
1 

SCHEME 2 

of aromatic hydrocarbons (20) exh ib i t s  N.I.H. s h i f t s  (21) and proceeds 

through the intermediacy of arene oxides (15 ,,Scheme 3). Hamilton (19) 

based h i s  oxenoid mechanism on a comparison of the react ion shown i n  Scheme 

3 t o  t h a t  of carbene (22) and n i t rene  (23) add i t i on  t o  aromatic nuc le i  which 

show s i m i l a r  three membered r i n g  

formation and r i n g  opening reac- 

Thus we propose t h a t  i f  

heme degradation i s  i n i t i a t e d  by 
m, 

15 
SCHEME 3 

enzymatic epaxidat ion of the por- 

phyrin-periphery, at tack w i l l  occur 

a t  the most exposed methine br idge t o  g ive an epoxide ( 1 0 ) .  C a l l o t  e t  a2 

(24) and Grigg (25) have studied the react ions of porphyrins w i t h  carbenes 



and n i t r enes ,  where i n  both cases th ree  ~nembered r ing  systems (16 and 1 8 )  

analogous t o  the  epoxide ( 1 0  ), a r e  readi ly  prepared. 

Ca l lo t  e t  a2 (26) a l s o  observed a s e r i e s  of f a c i l e  rearrangements of 

the  homoporphyrin ( 1 8 )  by means of successive carbon-carbon bond migra- 

t i ons  around t h e  periphery t o  give 

compounds of the type 19 and 2 0 

Similar  rearrangements of arene - 
oxides a r e  well documented and 

have been t h e  sub jec t  of much 16 

study ( 2 7 ) .  "Oxygen walk" 

react ions  (eg. 22 + 2 3 )  can be 

induced both thermally (26) and 

photochemically (29) and seem t o  

be a common fea tu re  of aromatic 

epoxides. The f a c i l e  rearrange- 
18 

It 
ment of the  homoporphyrins and 11 

arene epoxides suggest  t h a t  t h e  

analogous "oxygen walk" of a 

y-epoxide ( 1 0 )  t o  an a-epoxide 
31 -. 

( 1 1  ) could occur.  

Thus in the coupled oxidation of hemoglobin and myoglobin, epoxidation 

a t  t h e  y-methine bridge followed by rearrangement t o  and f u r t h e r  react ion 

a t  t h e  a-posi t ion  would account f o r  the  observed s t e r e o s p e c i f i c i t y  of 

"a t t ack"  a t  t h e  l e a s t  access ib le  a-posi t ion .  Since the  mode of binding of 

heme t o  heme oxygenase i s  unknown i t  i s  not y e t  c l e a r  whether d i r e c t  a t t a c k  

a t  t h e  a-methine bridge occurs,  o r  i f  a rearrangement t o  the  a-posi t ion  

occurs a f t e r  a t t a c k  a t  another pos i t ion .  
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What f u r t h e r  r e a c t i o n  cou ld  t he  epoxide 11 undergo and why t he  a 

r a t h e r  than t he  y-isomer? 9,lO-Didehydro-9,lO-epoxyphenanthrene ( 2 4 )  

undergoes a photochemical ly  induced "oxygen walk" t o  t he  i somer ic  com- 

pound 25  which i n  t u r n  tautomer ises t o  2,3:4,5-dibenzoxepin ( 2 6 )  (29). 

Such tau tomer isa t ions  a re  w e l l  

known f o r  arene oxides and 

s tud ies  (30) on t he  benzene ox ide  
D D 

( 2 7 )  + OXePin ( 2 8 )  e q u i l i b r i u m  22 23 

have shown i t  t o  be bo th  s e n s i t i v e  

t o  t he  na tu re  of t he  subs t i t uen t s  [q] q$2 
R1, R2, and t o  so l ven t  e f f e c t s  24 25 26 

(31) .  Thus when R1=R2=H the  

epoxide i s  favoured whereas when &apd . 
R1=R2=CH3 the  e q u i l i b r i u m  almost  27 28 Re 

complete ly  favours t he  oxep in  ( 2 8 ) .  

As expected when R1=H; R2=CH3 

29 30 approximately  equal amounts o f  each 

tautomer a re  present .  Moreover t he  

epoxide form i s  s t a b i l i s e d  by p o l a r  so l ven t s  and t he  oxep in  form by non 

p o l a r  solvents.  Heme epox ida t ion  a t  a Y-methine b r i dge  fo l lowed by an 

"oxygen walk" t o  t he  a - p o s i t i o n  would then, as a r e s u l t  o f  t he  non p o l a r  

environment around t h e  a-methine br idge,  favour opening of t he  epoxide 11 

t o  t he  homooxaporphyrin d e r i v a t i v e  1 2 .  Completely analogous r i n g  open- 

i ngs  have been observed f o r  t he  mesohomoporphyrin ( 1 8 +  21)  (24)  and t he  

meso-homoazaporphyrin ( 1 6 -  1 7 )  (25). So f a r  then  o x i d a t i o n  o f  t h e  more 

exposed y -pos i t i on ,  an "oxygen walk" t o  t he  a -pos i t ion ,  fo l lowed by a r i n g  

opening i n  t he  non p o l a r  environment around t he  a-methine b r i dge  cou ld  



l ead  t o  a  r i n g  expanded po rphy r i n  ( 1 0 + 1 1 + 1 2 ) .  Th i s  sequence o f  events 

o f fe rs  an exp lana t i on  f o r  t h e  s t e r e o s p e c i f i c i t y  o f  heme degradat ion  as w e l l  

as t he  occurrence o f  b i l i v e r d i n  1Xu f rom the  cabbage b u t t e r f l y ,  b u t  what 

cou ld  be t h e  metabo l i c  f a t e  o f  the  r i n g  expanded po rphy r i n  1 2 ?  

Compound 12  , an a-homooxoheme con ta i ns  an e s p e c i a l l y  e l e c t r o n  r i c h  

o l e f i n i c  double bond which i s  bo th  an en01 e the r  and enamine. E lec t ron  

r i c h  double bonds r e a c t  w i t h  mo lecu la r  oxygen t o  g i v e  d ioxetanes,  thus t he  

v i n y l  e the r  ( 2  9 )  gives, w i t h  s i n g l e t  oxygen, t he  compound 3 0  (32).  Not  

s u r p r i s i n g l y  Jackson e t  aZ (33)  have shown t h a t  s i n g l e t  oxygen i s  n o t  

i nvo l ved  i n  heme catabol ism. However, as a  double bond becomes ve ry  

e l e c t r o n  r i c h  i t  w i l l  r e a c t  w i t h  a  ground s t a t e  t r i p l e t  oxygen. Thus 

tetra(dimethy1amino)ethylene g i ves  a  d ioxe tane which fragments t o  g i v e  

two moles o f  t e t r ame thy l  urea (34 ) .  Fragmentation t o  d icarbony l  compounds 

i s  a  c h a r a c t e r i s t i c  r e a c t i o n  o f  dioxetanes, and t he  opening of 3 0  + 31 

i s  t y p i c a l  (32) .  Return ing  t o  t he  r i n g  expanded po rphy r i n  one can see 

t h a t  r e a c t i o n  w i t h  mo lecu la r  oxygen would g i v e  t h e  d ioxe tane (1 2+ 1 3 )  

and t h a t  r i n g  opening o f  t he  d ioxe tane would g i v e  t he  b i l e  pigment 14 .  

The t e t r a p y r r o l e  14 i s  i n  f a c t  b i l i v e r d i n  i n  which one o f  t h e  t e rm ina l  

lactams i s  cons t ra ined  i n  an e n o l i c  form as a  formate es te r .  

We have now a r r i v e d  a t  a  stage where carbon monoxide can be l i b e r a t e d .  

D e r i v a t i v e s  o f  f o r m i c  a c i d  i n  which t h e  hydroxy l  group o f  t he  c a r b o x y l i c  

a c i d  has been rep laced by a good l e a v i n g  group r e a d i l y  decompose t o  g i v e  

carbon monoxide. The bes t  known example of t h i s  i s  t he  spontaneous con- 

ve rs i on  of formyl c h l o r i d e  t o  carbon monoxide and HC1. Even f o r m i c  a c i d  

i t s e l f  when heated g i ves  CO and water  (35) .  Formic anhydr ide may be 
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prepared from dicyclohexyl carbodiimide (DCC) and the anhydride rapidly de- 

composes above 0' to formic acid and carbon monoxide (36). When formic acid 

is added to an excess of DCC at -78' no CO is evolved, but as the solution 

is warmed carbon monoxide is evolved and dicyclohexyl urea precipitated (37). 

From the stoichiometry of the reaction we have shown that it proceeds in the 

manner outlined in Scheme 4. 

This decomposition mimics 

that we propose for the for- D~~ + 
Y P - C-N -+CO +Dicyclohexyl urea 

mation of biliverdin ( 2 )  

and carbon monoxide from 14. 
4 > H  

br 
Hence the mechanisms for heme 

SCHEME 4 

catabolism outlined in Scheme 

2 account not only for the specificity of the reaction, but also involve 

chemistry and intermediates for which there are ample precedent. Moreover 

it is apparent that while both terminal lactam oxygens of the bile pigment 

are derived from molecular oxygen the mechanism in Scheme 2 requires that 

it be derived from two different oxygen molecules. This is consistent with 

Brown's (15) labelling experiments which show a two-molecule mechanism is 

operative. 

The formation of carbon monoxide during both in vivo formation of bile 

pigments and in the coupled oxidation of pyridine hemochrome suggests that 

these reactions have much in common. Indeed in vivo conversion of 

a-hydroxyheme ( 3 )  to biliverdin ( 2 )  led to the postulation (7) that 3  is 

a common intermediate in both reactions. So far we have not invoked the 

intermediary of a mesc-hydroxyporphyrin. However, if heme oxygenase does 



not funct ion a s  a modified cytochrome P-450 then t h e  hydroxylation of the  

bound heme i n  the  presence of NADPH and cytochrome reductase could well 

i n i t i a t e  heme catabolism via amso-hydroxyporphyrin.  Nevertheless, one 

must note t h a t  a meso-hydroxyporphyrin ( 3 2 )  and porphyrin epoxide ( 3 3 )  

a r e  tautomeric (Scheme 5) ,  such t h a t  invoking one could automatically 

include the  o ther .  

F inal ly ,  o n  t h e  bas i s  
H On 

of spec t ra l  da ta ,  Dimsdale 

(38) has proposed t h a t  

chromatography on alumina 

of a meso-hydroxyporphyrin 
33 

gave the  epoxide and hemo- 

oxaporphyrin corresponding 

t o  ( 1 1 )  and ( 1 2 ) .  

SCHEME 5 

CONCLUSIONS 

We propose here a mechanism to account f o r  t h e  catabolism of heme t o  

b i l ive rd in  and carbon monoxide. This mechanism i s  cons i s t en t  with,  and 

analogous t o ,  chemistry a l ready reported f o r  porphyrins and metalloporphyrins. 

Moreover the  present mechanism a l s o  accounts f o r  t h e  two oxygen-molecule 

react ion which i s  required a s  a r e s u l t  of r e c e n t i n v i u o  l a b e l l i n g  s tud ies  

(15).  
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