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Recent work1'2 on deciphering the functions of the biosynthetic 
genes of the vitamin B^ pathway in the aerobic bacterium 
Pseudomonas denitrificans has uncovered the mechanism of ring 
contraction connecting precorrin-3 (1) and -4 (3) (Scheme I), a 
remarkable process which features an (^-dependent spring-
loading step1'3 controlled by CobG to arrive at precorrin-3x (2), 
followed by pinacol-like ring contraction and 5-adenosylme-
thionine (SAM)-dependent C-methylation (at C-17 of 2), both 
mediated by CobJ, to reach precorrin-4 (3). 

We are glad to report that the assignments of the functions of 
the next two genes in the sequence described below have uncovered 
the last of the precorrins, the pentamethylated precorrin-5 
corresponding to C-methylation at position 11 of precorrin-4. 
With this finding, all of the intermediates between precorrin-3 
and precorrin-6x (6) are now known.4 Prior to the discovery of 
precorrin-4,1 we had predicted4'5 that CobM catalyzes insertion 
of a C-methyl group at C-11 on the basis of studies with model 
substrates. Using the true substrate precorrin-41 (3), biosyn-
thetically labeled from [4-13C]-5-aminolevulinic acid (ALA) as 
shown (•) (Scheme I), the 13C NMR spectrum of the octac-
arboxylic acid isolated from the incubation mixture containing 
3, CobM,4 and 13CH3*-SAM revealed, in addition to C-l-C-19 
coupling, a second coupled pair corresponding to a new CH3* 
group at 5 23.7 (d, / = 37 Hz) and an sp3 signal for C-Il (5 76; 
d, J = 37 Hz). Proof that the C-I acetyl function was still intact 
came from (a) the observation of a resonance for C-I at 8 82 (d, 
J =52 Hz) [also seen in precorrin-41 (3) and Factor IV6 (4)] and 
(b) the retention of signals for the carbonyl at C-20 (8 211) and 
the sp3 center at C-15 (<5 27) when a second isotopomer of 4, labeled 
with 13C at C-15 and C-20 from [5-13C]ALA, was used as 
substrate. The new isolate is thus precorrin-5, which isomerizes 
to precorrin-5x on esterification (Scheme II), as seen from the 
NMR data of its octamethyl ester7 (Table I). When the gene 
product CobF4 was included in the incubation, the signal for C-I 
(8 82) in the spectrum of (5) disappeared and was replaced by 
a resonance at 8 73 (dd) coupled to the signal for C-19 at 8 154 
and to a new C-methyl group (*) at 8 29.5 (J = 36 Hz). 
Esterification of the free acid provided a sample with NMR and 
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FAB-MS7 data identical with those of precorrin-6x8 [octamethyl 
ester] (6). This biosynthetic correlation confirms the structure 
and defines the absolute stereochemistry (except at C-I) of 
precorrin-5 as 5. 

Thus it appears that deacylation of precorrin-5 is catalyzed by 
the CobF enzyme to provide the short-lived intermediate precorrin-
5y, which then undergoes C-1-methylation. The mechanistic 
rationale shown in Scheme III features the bis-imino chromophore 
in precorrin-5y extended from C-19 as an electron sink created 
by reaction with CobF. This structural motif, in which C-Il 
methylation insulates rings C and D electronically from rings 
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Table I. 13C NMR Chemical Shifts (C6D6) for Precorrin-5x Methyl 
Ester Derived from (A) 4-13C-ALA and (B) S-13C-ALA 

A B 

h (•/, Hz) 
22.7 (d, 36) 
54.2 (s) 
62.5 (s) 
70.8 (d, 36) 
79.5 (d, 49) 

131.3 (s) 
135.2 (s) 
146.6 (d, 49) 
183.1 (s) 

assignment 

C-Il methyl" 
C-3 
C-17 
C-Il 
C-I 
C-8 
C-13 
C-19 
C-6 

« From 13CH3-SAM; s, singlet, d, 

Sc (J, Hz) 
34.7 (d, 48) 
78.0 (t, 69) 
84.3 (d, 71) 

147.3 (d, 48) 
158.1 (d, 71) 
160.6 (d, 69) 
183.5 (d, 69) 
207.3 (s) 

doublet, t, triplet. 

assignment 

C-IO 
C-15 
C-5 
C-9 
C-4 
C-14 
C-16 
C-20 

Scheme III 
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A/B, not only facilitates deacetylation but also allows the return 
of electron density to C-1 followed by electrophilic C-methylation 
mediated by CobF/SAM. The process is completed by prototropic 
shift from C-18 in the kinetic product precorrin-6a (not isolated) 
to give precorrin-6x (6). That the facile removal of acetic acid 
from C-I is also a chemical process was demonstrated with 
precorrin-5x, which loses acetic acid spontaneously (albeit slowly) 
at pH < 7. 

When the entire repertoire of the eight enzymes9'10 necessary 
for the nine-step synthesis of precorrin-5 was incubated with the 
substrates ALA and SAM, the genetically engineered synthesis 
of 5 was achieved in 30% overall yield based on ALA. This 
striking example of the in vitro reconstitution of a complex 

(9) In biosynthetic order these, are ALA dehydratase, PBG deaminase, 
urogen III synthase, urogen III methylase (CobA; 2 steps), precorrin-3 synthase 
(Cobl or CbiL),'° CobG,' CobJ,1 CobM.4 

biosynthetic pathway serves to illustrate both the power and the 
generality of multienzyme synthesis,11 featuring many different 
types of C-C, C-N, and C-O bond formations and rearrange­
ments. Most importantly, the removal of the rigid, metabolic 
networking of the living cell, by using only those biosynthetic 
enzymes necessary to synthesize the target, ensures that each 
intermediate is dedicated to a predetermined pathway rather than 
being diverted into the main arteries of primary metabolism in 
vivo. We would like to suggest that with the demonstration of 
this nine-step, genetically engineered process, the multienzyme 
synthesis of complex natural products has come of age.12 

Identification of the structures of precorrin-3x, precorrin-4, 
and now precorrin-5, completes our knowledge of the steps between 
precorrins-3 and -6x and consequently of all of the intermediates 
(and enzymes which interconnect them) between ALA and 
hydrogenobyrinic acid (7) in the aerobe P. denitrificans.1*-16 The 
details remain to be uncovered the details of the parallel but 
nonidentical pathway in anaerobic bacteria, e.g., Salmonella 
typhimurium*'11 and Propionibacterium shermanii}% where, in 
the latter organism, the intermediates are known to be cobalt 
complexes beyond the stage of precorrin-3 and where the redox 
chemistry necessary for ring contraction must be independent of 
O2.
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