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Biosynthesis of the Natural (Type-111) Porphyrins : Proof that Rearrangement 
Occurs After Head-to-tail Bilane Formation 

By ALAN R. BATTERSBY,* EDWARD MCDONALD, D. CLIVE WILLIAMS, and HANNS K. W. WURZIGER 
(University Chemical Laboratory, Lensfield Road, Cambridge CB2 IEW) 

Summary The aminomethylbilane corresponding to head- 
to-tail combination of four porphobilinogen units is 
unambiguously synthesised and it is converted (re- 
arranged) by the deaminase-cosynthetase enzyme system 
into uro’gen-111, the precursor of the natural porphyrins, 
chlorins, and corrins ; 13C-labelling establishes the speci- 
ficity of the conversion. 

HAEM, chlorophyll, and the cytochromes are built in living 
systems1 from 4 units of porphobilinogen (1) (PBG) with 
elimination of 4 NH,. Head-to-tail combination of the 
PBG units would generate uro’gen-I (10) but, in nature, the 
unexpected isomer uro’gen-I11 (1 1) is specifically formed by 
the co-operative action of two proteins, deaminase and 

cosynthetase.2 Some 25 speculative mechanisms have been 
proposed (see ref. 1) to account for the rearrangement. 
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AH = CH,CO,H, P H  = CH,CH,CO,H 
AMe = CH,CO,Me, P M e  = CH,CH,CO,Me 

Studies3 with [2,11-13C2] PBG (1) greatly reduced the 
viable possibilities by establishing (a) rings A, B, and c of 
uro'gen-I11 (11) are derived from intact unrearranged PBG 
units,t (b) the PBG unit which forms ring D undergoes 
rearrangement which is intramolecular with respect to that 
PBG unit, and (c) the rearranged carbon atom forms C-15 
of (11). With the problem solved of what happens, 
attention is focussed on when and how. 

Frydman4 favoured rearrangement as the initial step 
with chain building continuing on the rearranged pyrro- 
methane [(2), or enzyme-bound form]. Recently, ScottS 
claimed proof of initial rearrangement involving head-to- 
head reaction of the first 2 PBG units and enzymic transfer 
of a C, unit. 

The studies outlined in these communications show in 
contrast that the key rearrangement step occurs aftev the 
unrearranged bilane [(9) or enzyme-bound form, replace 
H,N by enzyme] has been built by head-to-tail reaction of 
4 PBG units. 
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FIGURE. H.p.1.c. traces for analyses of coproporphyrin esters 
run on C,, reverse phase column; U.V. analyser set a t  ca. 390 nm. 
(a) Blank run; (b), enzyme run. 

Interaction of the formylpyrromethanej (4) with PBG 
lactam ester (3) gave the hydrobromide$ (5)  (65%) which 
condensed with (6) to yield the biladiene-a,cl (7) (95%). 
Hydrogenation of the corresponding base over platinum 
gave the colourless bilane ester1 ( 8 ) ;  cf. refs. 6 and 7.  

Alkaline hydrolysis of (8) gave (9) which cyclised* a t  
55 OC, pH 7.2, and the porphyrinogen formed was aro- 
matised with iodine. Decarboxylation then gave the 
corresponding coproporphyrin whose ester was proved by 
h . p . l . ~ . ~  to be type-I (12). Thus the non-aromatised 
product from chemical ring-closure of (9) is essentially pure 
uro'gen-I (10). This confirms structure (9) and eliminates 
significant rearrangement a t  pH 7-2 during non-enzymic 
ring-closure to (10). 

A further amount of the bilane (9) (4 mg) was incubated 
at  pH 7.2, for 4 h at  37 "C with purified deaminase-cosyn- 

j- Treatment of PBG (1) with deaminase alone produces uro'gen-I (10). Dr. Roger Hollenstein of this laboratory has shown by the 

$ All new products have been characterised by analysis and/or accurate mass determination, n.m.r. and u.v.-visible spectroscopy, 
previous 13C,-labelling method (ref. 3) that  during this enzymic conversion all four PBG units remain intact. 

and mass spectrometry. 
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thetase from Euglena gracilis (ca. 40,000 units) and a 
parallel blank was run lacking the enzymes. Both re- 
action mixtures were quenched with iodine, then worked up 
and analysed as above. The product from the blank was 
essentially pure type-I isomer (12) ; see Figure (a). The 
striking result for the enzymic rung (Figure, b) showed that 
70% of the product was type-1117 (13) the rest being 
type-I (12) formed in the competitive non-enzymic cyclisa- 
tion. These results demonstrate a major enzymic con- 
version of the unrearranged bilane (9) into uro’gen-I11 (11) 
and the proportions of type-I11 and type-I produced show 
an enzymic rate enhancement for the formation of uro’gen- 

The bilane (9) was then synthesised with 13C at  the 
position marked (90 atom yo 13C) and part (10.8 mg) was 
incubated as before (1 6 h) with deaminase-cosynthetase. 
The porphyrins formed (34% yield) were decarboxylated 
and analysed to show ca. 20% of type-I and ca. SOYo** of 
type-111. The site of labelling of the latter (as copro- 
porphyrin-I11 4 Me ester) was determined by 13C n.m.r. 
spectroscopy; ca. 75y0** of the large signal (two almost 
overlapping singlets) from the fully relaxed 13C enriched 
sites was moved massively upfield by Pr([2H,]fod)3; the 

I11 (11). 

signal from the type-I isomer was essentially unaffected. 
The former result locates the label a t  C-15 of (13) since 
Pr( [2H,]fod)3 selectively affects3,10 this carbon atom of (13). 
In addition to proving specific incorporation, this finding 
registers the bilane (9) with respect to uro’gen-I11 (11) and 
the corresponding rings are lettered. 

A t  a late stage of our work, Muller et al.ll reported that 
unlabelled bilane (9) (different synthesis) with deaminase- 
cosynthetase from P. sherrnanii gave 19-20% yields of 
uroporphyrinogen containing 14-1 8% of the type-I11 
isomer and 82-86y0 of type-I isomer; our work and that 
a t  Stuttgart are mutually reinforcing. 

The foregoing results, supported in accompanying 
communications, establish when rearrangement occurs by 
which the natural type-I11 porphyrins are formed; the 
nature of the rearrangement had previously been precisely 
defined3 and current work on the intermediate (s)  between 
(9) and (11) is aimed at  understanding how. 
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5 The yield of porphyrins was 12 %; repetition of the enzymic run for 16 h raised the yield to  27 %, again 70 % type-111, 30 % type-I 

7 The material from the left-hand peak was isolated and was re-run under conditions which separate coproporphyrin-I11 from co- 
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