
Research Paper 659 

How corrinoids are synthesized without oxygen: nature’s first 
pathway to vitamin B,, 
Patricia J Santander, Charles A Roessner, Neal J Stolowich, 
Marc T Holderman and A Ian Scott 

Background: During the biosynthesis of vitamin B,,, the aerobic bacterium 

Pseudomonas denitrificans uses two enzymes, CobG and CobJ, to convert 

precorrin-3 to the ring-contracted intermediate, precorrin-4. CobG is a 

monooxygenase that adds a hydroxyl group, derived from molecular oxygen, to 

C-20, whereas CobJ is bifunctional, inserting a methyl group at C-l 7 of the 

macrocycle and catalyzing ring contraction. Molecular oxygen is not available to 

vitamin B,,-producing anaerobic bacteria and members of the ancient Archaea, 

so the question arises of how these microbes accomplish the key 

ring-contraction process. 

Results: Cloning and overexpression of Salmonella typhimurium genes has led 

to the discovery that a single enzyme, CbiH, is responsible for ring contraction 

during anaerobic biosynthesis of vitamin B,s. The process occurs when CbiH is 
incubated with precorrin-3, but only in the presence of cobalt. CbiH functions 

as a C-l 7 methyltransferase and mediates ring contraction and lactonization to 

yield the intermediate, cobalt-precorrin-4, isolated as cobalt-factor IV. 
13C labeling studies have proved that cobalt-precorrin-4 is incorporated into 

cobyrinic acid, thereby confirming that cobalt-precorrin-4 is an intermediate in 

vitamin B, 2 biosynthesis. 
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Conclusions: Two distinct mechanisms exist in nature for the ring contraction 

of porphyrinoids to corrinoids - an ancient anaerobic pathway that requires 

cobalt complexation prior to nonoxidative rearrangement, and a more recent 

aerobic route in which molecular oxygen serves as the cofactor. The present 

results offer a rationale for the main differences between aerobic and anaerobic 

biosynthesis of vitamin B,,. Thus, in anaerobes there is exchange of oxygen at 

the C-27 acetate site, extrusion of acetaldehyde and early insertion of cobalt, 

whereas the aerobes show no exchange of oxygen at C-27, extrude acetic acid 

and insert cobalt very late in the biosynthetic pathway, after ring contraction has 

occurred. These parallel routes to vitamin B,, have now been clearly 

distinguished by their differing mechanisms for ring contraction. 

Introduction 
One of the most prominent features of the structure of 
vitamin Bi2 (Figure 1) is that the porphyrinoid macrocycle 
has undergone extrusion of one of the ring carbons (C-20) 
via a process termed ring contraction, an event that is 
unique among the ‘pigments of life’ derived from uropor- 
phyrinogen III; such compounds also include heme, siro- 
heme, chlorophyl and the methanogenic factor, coenzyme 
F,,,,. During vrtamm B,Z biosynthesis in the aerobic bac- 
terium Pseudomonas denitrificns (for a recent review, see 
[l]), ring contraction is achieved in two steps (Figure 2, 
upper scheme) from the metal-free intermediate, precor- 
rin-3. LJsing a genetically engineered system, consisting of 
P. denitr$icans vitamin B,, biosynthetic genes overex- 
pressed in Escherichia roli [2], it was demonstrated that this 
process requires two enzymes, the monooxygenase, CobG, 

which is totally dependent on molecular oxygen [3,4] and 
the methyltransferase/ring contractase, CobJ. This mech- 
anism probably evolved after the establishment of an 
oxygen-containing atmosphere -1.7 x 10” years ago [S]. 

Vitamin B,, is, however, also synthesized under strictly 
anaerobic conditions in certain other species of bacteria and 
archaea, such as Salmoneda ophimurium [6] and Methanococ- 
cus jaltnaschii [7], via a more ancient pathway (-3.8 x 10” 
years old [S]), which presents a paradox of how the mecha- 
nism of ring contraction can operate in these organisms 
under anaerobic conditions. No homolog to the oxygen- 
dependent CobG enzyme has been discovered in any of 
the organisms that synthesize vitamin B,? anaerobically, 
including Propionibacte7aum shermanii ([8] and our unpub- 
lished observations), S. g$himurium [9] and M. jannas~hii 
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Figure 1 
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The structure of vitamin B,,. The region that has undergone ring 
contraction is highlighted in green. 

[7], all of which have conserved two other indispensable 
[lo] genes, cbiD and c&G, which are not found in P. denit+ 
icans. These findings suggest that the microorganisms 
which synthesize vitamin B,, anaerobically share a 
common pathway that differs in certain aspects from the 
pathway found in P. denitr$cans. The pathway that does 
not require oxygen may also function in some aerobes, 
however, because analysis of the genes found in the oblig- 
ate aerobe Bacihs megatetium [ 1 l] indicates that it uses the 
same pathway as the three organisms (mentioned above) 

. 
that synthesize vrtamm BiZ anaerobically. 

An important clue towards resolving the paradox of ring 
contraction in the absence of oxygen was provided by 
studies performed with P. shermanii cell extracts [l&13], 
which showed that cobalt insertion into the macrocycle 
occurs before ring contraction. This is in contrast to the 
oxygen-dependent pathway of P. denihjicans in which 
cobalt is inserted into the late intermediate hydrogeno- 
byrinic acid a,c-diamide (for labeling, see Figure l), the 
formation of which requires eight distinct reactions cat- 
alyzed by six different enzymes after contraction of the 

macrocycle [1,2]. This result suggested that formation of a 
cobalt complex of an early intermediate such as precorrin-2 
or precorrin3 is required to provide the proper substrate 
for the enzyme that catalyzes ring contraction. Analysis of 
the homology between CobJ, which triggers ring contrac- 
tion by the addition of a methyl group at C-17 of pre- 
corrin-3 hydroxylactone (Figure Z), and the predicted 
methyltransferases of S. lyp/limrcn’um [9] suggested that the 
enzyme CbiH is the most likely candidate for setting the 
stage for ring contraction in this organism. In this report, 
we show that CbiH from S. @p/iim~rium not only catalyzes 
C-17 methylation, but also mediates formation of a 
&lactone and contraction of the precorrin macrocycle in 
the presence of cobalt. We thereby provide experimental 
evidence for the modus operandi of the pivotal ring-contrac- 
tion mechanism for vitamin Br2 biosynthesis in anaerobes, 
and unequivocal proof for the existence of two distinct 

. 
pathways to vitamm B,z, for which only circumstantial 
evidence has been available hitherto. 

Results and discussion’ 
Methylation and ring contraction 
When E. coli cell lysates containing CbiH from S. typ/li- 
murium [14], S-adenosyl-L-methionine (SAM), cobalt 
chloride and precorrin-3 were incubated in the absence 
of oxygen, a new green compound was produced, which, 
on esterification and separation by thin layer chromatog- 
raphy from unconverted precorrin-3 and several other 
porphyrinoids, exhibited the same physical properties (Rr 
value and ultra-violet/visible spectrum) as 8-epi factor 
IV, a cobalt-containing corrinoid isolated from P. sher- 
manii ([15] and G. Miiller, personal communication). To 
determine whether the macrocycle had undergone ring 
contraction, as suggested by the physical characteristics 
of the green compound, precorrin-3 was prepared from 
[4-13C]-ALA (ALA: 5aminolevulinic acid) to provide the 
isotopomer labeled as shown in Figure 2. With this 
pattern of eight labeled carbons, contraction of the 
macrocycle would result in the direct connection 
between C-l and C-19, the signals from which should 
then appear in the nuclear magnetic resonance (NMR) 
spectrum as doublets with the same coupling constant. 
The isotopomer of precorrin-3 was incubated with cobalt 
chloride, SAM and CbiH, and the purified product was 
analyzed by 13C NMR (Figure 3). The spectrum was 
found to have two doublets with chemical shifts of 
83.3 ppm and 152.2 ppm, demonstrating coupling bet- 
ween C-l (J = 55 Hz) and C-19 (1 = 55 Hz), respectively, 
and thereby proving that CbiH had, indeed, induced 
contraction of the macrocycle. In the P. denitrificans 
oxygen-dependent pathway, CobJ triggers ring contrac- 
tion by addition of a methyl group at C-17 of the 
hydroxylactone of precorrin-3. Similarly, CbiH catalyzed 
addition of a methyl group, as demonstrated by the 
appearance of a new resonance (sp3 carbon) assigned to a 
propionate terminus in the product. The chemical shift 
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Figure 2 
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The two pathways for the biosynthesis of vitamin B,,. Upper scheme: 
the oxygen-dependent route from precorrin-3 to the ring-contracted 
precorrin-4 via the intermediate precorrin-3 hydroxylactone, during 
vitamin B,, biosynthesis in Pseudomonas denifrificans. Lower scheme: 
the proposed cobalt-dependent route to corrinoids during vitamin B,, 
biosynthesis in anaerobic organisms. The labeled carbons of the 

isotopomers derived from [4-WI-ALA (ALA: 5-aminolevulinic acid) are 
indicated by a filled circle. A, CH,CO,H; P, CH,CH,CO,H; CobG, 
monooxygenase; CobJ, methyltransferaseiring contractase; SAM, 
S-adenosyk-methionine; CbiH, the single enzyme responsible for ring 
contraction during anaerobic vitamin B,, biosynthesis. 

of this signal (63.7 ppm) is consistent with methylation at 
C-17 [15]. When the incubation was performed with 
[13CH,]-SAM, the signal appeared as a doublet with a 
corresponding doublet in the methyl region (not shown), 
again demonstrating that the new sp3 center is a result of 
C-methylation. 

The CbiH product, as isolated for analysis, was esterified 
and became oxidized during the aerobic workup prior to 
NMR analysis. In accordance with the convention of 
naming vitamin B,2 intermediates according to their oxi- 
dation level and number of methyl groups, the isolated 
product was designated factor IV and its reduced form 

was designated precorrin-4. The related, but dissimilar, 
CobJ product of P. denitrificans (Figure 2) has, however, 
already been referred to as precorrin-4 and its oxidized 
form as factor IV. Further confusing the nomenclature, a 
cobalt-containing, tetramethylated, ring-contracted com- 
pound recently isolated from cell-free incubations with 
P. shrmanii extracts was also referred to as factor IV [ 1.51. 
The actual CbiH product, prior to aerobic workup, is 
assumed to be in the reduced form, named cobalt-pre- 
corrin-4, one possible structure for which is shown in 
Figure 2 (other tautomeric forms may exist), and in this 
paper will hereafter be called cobalt-precorrin-4, which, 
when oxidized, becomes cobalt-factor IV (Figure 2). 
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Figure 3 

C-6 Cobalt-factor IV 

13C nuclear magnetic resonance spectrum of 
the product isolated from the incubation of 
13C-precorrin-3 with cobalt, SAM, and CbiH 
(abbreviations as in Figure 2). The eight 
labeled carbons derived from [4-13C]-ALA are 
indicated by filled circles. 

CysG may be required for conversion of precorrin3 to 
cobalt-precorrin-4 in viva, but not in vitro 
In S. typlllimurium, CysG has been implicated as the 
enzyme responsible not only for the synthesis of precor- 
rin-2 and siroheme (via NAD(P)-dependent oxidation of 
precorrin-2 and iron chelation), but also for the chelation 
of cobalt by precorrin-2 during vitamin Bi2 biosynthesis 
[16,17]. In this scenario, the resultant cobalt-precorrin-2 
would then be converted to cobalt-precorrin-3 by methyl- 
ation of C-20 by CbiL [9,14]. In most of our experiments, 
the cell-free lysates that provided the CbiH enzyme also 
contained low amounts of endogenous CysG (provided by 
the CJSG gene of the E. co/i host), which could have been 
involved in the oxidation or reduction of precorrin-3 or 
cobalt insertion during the synthesis of cobalt-precorrin-4. 
However, the corrinoid was still obtained when CbiH was 
produced in E. co/i strain 302Aa, in which the ~ysG gene is 
deleted [18]. In addition, control experiments using cell 
lysates derived from the QWG+ E. coli host without CbiH 
did not synthesize the corrinoid. These results indicate 
that, in our anaerobic cell-free system, the precorrin-3 is 
not oxidized to factor III prior to cobalt insertion and then 
reduced back to cobalt-precorrin-3, and that cobalt chela- 
tion into precorrin-3 occurs spontaneously in the presence 
of excess cobalt ions. Although we have previously 
reported [14] methylase activity for the S. typhimutium 
CbiL (low activity) and CbiF (high activity) methyltrans- 
ferases, we have never observed methylation of precor- 
rin-3 by CbiH in the absence of cobalt; this confirms the 

requirement for cobalt in the substrate for CbiH. The 
metal insertion can be achieved chemically (as described 
in the present work) or enzymatically, as in the presence 
of CysG. 

Cobalt-precorrin-4 is produced in cell-free extracts of 
P. shermanii 
Assignments of the remaining five carbons of cobalt- 
factor IV derived from [4-r3C]-ALA and of the eight 
carbons of the isotopomer derived from [5-13C]-ALA 
(Table l), fortified by ultra-violet/visible and mass spec- 
tral comparisons, demonstrate that cobalt-factor IV pre- 
pared as above is virtually identical to the factor IV 
recently isolated after incubation of the C-8 P-propionate 
epimer of precorrin-3 - (B-epi)-precorrin-3 - and cobalt 
in cell-free lysates of P. dermanii [15]. In this experi- 
ment, the use of ‘unnatural’ (S-epi)-precorrin-3 as sub- 
strate was designed to derail the pathway to permit 
accumulation of the product. This epimeric center also 
accounts for the only significant difference between the 
NMR spectra of the two compounds (Table l), namely 
the chemical shift of C-8. Thus, cobalt-&-factor IV, iso- 
lated in the P. shermanii experiment, was probably 
formed by C-17 methylation of cobalt-(%epi)-precorrin-3 
(by the CbiH methyltransferase present in the total cell- 
free extract), which formed cobalt-epi precorrin-4 and 
was then oxidized during workup and could re-enter the 
pathway only after reduction of the macrocycle and 
epimerization at C-8 [15]. 
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Chemical shifts of ester 
from [4-13CI-ALA (ppm) 

Carbon CbiH Factor IV 
product 

83.5 83.4 

60.2 60.1 

171.8 171.8 

52.8 55.7 

158.4 157.9 

146.8 146.7 

63.7 64.0 

c-19 151.9 151.4 

Chemical shifts of ester 
from [5-‘XI-ALA (ppm) 

Carbon CbiH ~ Factor IV 
product 

c-4 178.4 178.0 

c-5 95.1 95.2 

c-9 173.1 173.0 

c-10 95.1 96.6 

c-14 151.5 151.8 

c-15 98.8 99.8 

C-16 178.4 177.5 

c-20 82.0 81.9 

Table 1 

13C NMR assignments (in benzene 2Hd of the heptamethyl 
ester of the CbiH product and comparison with the assign- 
ments of the same carbons of the factor IV heptamethyl ester. 

Cobalt-precorrin-4 is an intermediate in anaerobic vitamin 
B,, biosynthesis 
Using 13C-labeled precursors we have also shown that 
cobalt-precorrin-4 is efficiently converted to cobyrinic acid 
in a cell-free P. shermanz’i extract, thereby providing com- 
pelling evidence that it is a true intermediate in the anaer- 
obic vitamin B,2 pathway. To monitor conversion of 
cobalt-precorrin-4 to cobyrinic acid, cobalt-precorrin-4 was 
first synthesized in an incubation containing precorrin-3 

Figure 4 

(derived from [4-13C]-ALA), cobalt, CbiH, and [13C]-SAM, 
so that only eight ring carbons and the C-17 methyl group 
were labeled. The incubation products, including cobalt- 
precorrin-4 (not isolated) and unconverted cobalt-precor- 
rin-3, were then separated from nonincorporated [‘“Cl- 
SAM and incubated in a cell-free extract of P. demanii in 
the presence of unlabeled SAM. The r3C-labeled cobyrinic 
acid, derived from both cobalt-precorrin-3 and cobalt-pre- 
corrin-4, was isolated as its heptamethyl ester (cobester) 
and analyzed by NMR (Figure 4). The analysis revealed 
the presence of only one ‘“C-enriched methyl group at 
18.1 ppm, a value previously assigned as the chemical shift 
for the methyl group at C-17 in cobester [19]. The signal 
was a doublet (.I = 34 Hz) and, on close inspection. the cor- 
responding doublet (J= 34 Hz) could be resolved at the 
base of the signal previously assigned to the chemical shift 
of C-17 in cobester [19], a result that not only confirms the 
biointermediacy of the CbiH product, but securely places 
the fourth methyl of cobalt-precorrin-4 at C-l 7. 

We can conclude that, in the anaerobic pathway of vitamin 
B,, biosynthesis, CbiH catalyzes the methylation of the 
C-17 of cobalt-precorrin-3 (Figure 2, lower scheme), and 
that this methylation triggers a cascade of events leading 
to F-lactone formation and contraction of the macrocycle 
to give a product that is an intermediate in the pathway to 
vitamin BrZ. Thus, in the anaerobic pathway, only one 
enzyme and the presence of cobalt are needed, compared 
with the two enzymes and oxygen required in the aerobic 
route to vitamin B,,. 

The upfield region of the 13C NMR spectrum 
of the heptamethyl ester of cobyrinic acid 
(cobester) showing the propionate terminal 
carbons and the methyl region. The cobester 
was synthesized in a cell-free /? shermani 
extract from a mixture of cobalt-precorrin-3 
(major peaks), labeled from [4-1sCl-ALA, and 
cobalt-precorrin-4, doubly labeled from 
[4-13C]-ALA and [lsCI-SAM, as described in 
the text. The doublet signals derived from the 
13C-labeled methyl group, the 13C-labeled 
methyl group, and the carbon to which it is 
attached are highlighted. 
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Figure 5 
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A comparison of the steps proposed for the 
conversion of cobalt-precorrin-4 to cobalt- 
precorrin-6 in the anaerobic pathway (left- 
hand scheme) to the parallel pathway for the 
conversion of precorrin-4 to precorrin-6 in the 
aerobic pathway (right-hand scheme). The 
new methyl group in each step is highlighted 
in green and the origin of acetaldehyde in the 
anaerobic pathway and the origin of acetic 
acid in the aerobic pathway are highlighted in 
red. Abbreviations as in Figure 2. 

Other differences between the two pathways 
The evolution of the oxygen-dependent pathway has con- 
served many aspects of the anaerobic pathway, but has 
also resulted in significant differences. For example, the 
carboxyl of the ring A acetate (Figure 5, left-hand scheme, 
C-27) undergoes extensive exchange with the water from 
the medium in the anaerobic pathway, but not in the 
oxygen-dependent pathway [20,21]. In addition, in the 
anaerobic pathway, C-20 and its attached methyl group are 
extruded as acetaldehyde [Z], whose oxygen is derived 
from the carboxyl of the ring A acetate (Figure 5, left-hand 
scheme; [23]), whereas the oxygen-dependent route pro- 
duces acetic acid directly with no involvement of the ring 

A carboxyl (Figure 5, right-hand scheme). These differ- 
ences are probably a reflection of the dissimilarity in the 
steps immediately following ring contraction that are 
required to convert precorrin-4 to precorrin-6 in the 
aerobic pathway and cobalt-precorrin-4 to cobalt-precor- 
rin-6 in the anaerobic pathway (Figure 5). The conversion 
in the anaerobic pathway requires opening of the &lac- 
tone ring, C-11 methylation, extrusion of acetaldehyde, 
and C-l methylation. In this scenario, exchange with 
water by the carboxyl of the ring A acetate results from 
hydration during opening of the &lactone, and the oxygen 
of the acetaldehyde is concomitantly derived from the ring 
A acetate during this process. The enzyme catalyzing this 
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event remains to be identified, but as no function has been 
assigned to the indispensable S. typ/limutium CbiD or CbiG 
proteins, one or both of these may be involved. By analogy 
to the aerobic pathway, cobalt-precorrin-5 is plausibly 
formed by C-11 methylation, which could occur either 
before or after hydrolysis of the lactone. This step is most 
likely to be catalyzed by CbiF, which has C-11 methylase 
activity [14] and is similar to CobM, which perfogms the 
analogous methylation in the aerobic series, but there are 
no enzymes within the known anaerobic repertoire for C-l 
methylation and acetaldehyde-yielding hydrolysis that 
would convert cobalt-precorrin-5 to the next putative 
intermediate, cobalt-precorrin-6. Curiously, CobF, respon- 
sible for the similar process (deacylation, C-l methylation) 
in P. denitr$cans (Figure 5) has no counterpart in S. 
~p~L’m.wGn, suggesting that one of the previously identi- 
fied methyltransferases of the latter organism, perhaps 
CysG or CbiF, returns to play a second role in the produc- 
tion of vitamin B,,. In addition, because it has been shown 
that precorrin-6 of the oxygen-dependent series can be 
converted to cobyrinic acid in P. s/iemanii extracts [24], the 
remainder of the anaerobic route, from cobalt-precorrin-6 
onwards, appears to parallel that of the oxygen-dependent 
pathway, with the exception that the intermediates are all 
cobalt complexes. Confirmatory evidence for the biosyn- 
thetic sequence suggested above is being sought by identi- 
fication of the functions of the remaining Cbi enzymes 
from S. ~p/zimurium and P. s/iermanii. 

Significance 
The biosynthesis of vitamin B,, by the aerobic bac- 
terium Pseudomonas denitrifcans requires the monooxy- 
genase CobG and the bifunctional enzyme CobJ to 
convert precorrin-3 to the ring-contracted intermediate, 
precorrin-4. In vitamin B,, producing anaerobic bacte- 
ria and members of the ancient Archaea, molecular 
oxygen is not available. A different mechanism must, 
therefore, occur in these microbes to enable them to 
accomplish the key ring-contraction process. 

Identification of the enzyme, CbiH, responsible for C-17 
methylation, ring contraction, and %-lactone formation 
in the anaerobic pathway of vitamin B,, biosynthesis 
has revealed the major difference between the ring-con- 
traction mechanism in anaerobic organisms and the 
oxygen-dependent process used by aerobes. The opera- 
tion of two parallel, but distinct, routes to vitamin B,, in 
nature has been rigorously proved by the discovery of a 
novel mechanism that requires the presence of cobalt 
coordinated to the ligand of precorrin-3. To the best of 
our knowledge, this biosynthesis of a major cofactor by 
two different pathways is a very rare occurrence in 
nature and can be compared with the duality of the 
biosynthesis of 4,Sdimethylbenzimidazole (DBI), which 
in aerobes is formed by oxidative degradation of ribo- 
flavin, but in anaerobes‘is constructed de novo from 

glycine, erythrose phosphate and S-adenosyl-L-methio- -. _ - 
nine [25]. Both aerobes and anaerobes use DBI as the 
axial ligand to cobalt in vitamin B12 as part of the 
nucleotide loop (see Figure 1). 

Materials and methods 
Biosynthesis and isolation of cobalt-precorrin-4 
(as cobalt-factor IV) 
Cobalt-precorrin-4 was formed in lysates containing CbiH prepared in 
50 mM potassium phosphate buffer, pH 7.6, to which was added 
0.5 mM SAM, 0.15 M KCI, 0.8 mM CoCl,.6H,O, and 0.0375 mM 
‘%-labeled precorrin-3. The KCI, cobalt, and precorrin-3 were preincu- 
bated at room temperature at a tenfold higher concentration for 6 h prior 
to addition to the lysate. The precorrin-3 was enzymatically prepared 
from i3C-labeled aminolevulinic acid (ALA) in a multienzyme reaction 
containing ALA dehydratase, porphobilinogen deaminase, uropor- 
phyrinogen (urogen) Ill synthase, urogen Ill methyltransferase (CobA), 
and precorrin-2 methyltransferase (Cobl) as previously described [26] 
with the exception that a lysate of a new recombinant strain of E. co/i 
(CR462) that simultaneously overexpresses the two methyltransferases, 
(Roessner CA. and Holderman MT., unpublished observations), was 
used for the source of these two enzymes. After a 16 h incubation at 
3O’C, the tetrapyrrolic products were adsorbed to DEAE-Sephadex, 
esterified anaerobically in MeOH:H,SO, (95:5), separated by thin layer 
chromatography on silica plates (CH,CI,:MeOH, 95:5), and the oxi- 
dized product, cobalt-factor IV heptamethyl ester, examined by NMR as 
previously described [151. The mass spectra and ultra-violet/visible 
spectra for the esterified labeled product are: m/z 1054 (MALDI) and 
h,, (750, 680, 630, 387, 340). 

Conversion of cobalt-precorrin-4 to cobyrinic acid in a 
P. shermanii cell-free extract 
P. shermani; cell-free extracts were prepared as previously described 
[151. For preparation of cobalt precorrin-4 so that both C-l 7 and its 
attached methyl group were labeled, precorrin-3 was prepared from 
[4-‘3CI-AlA and then incubated with cobalt, CbiH, and 13C-SAM such 
that eight ring carbons were labeled as shown in Figure 2 and the only 
labeled methyl group was the one at C-l 7. The incubation products, a 
mixture of cobalt-precorrin-4 (not isolated) and unconverted cobalt-pre- 
corrin-3, were then separated from nonincorporated 13C-SAM and incu- 
bated without esterification/oxidation, in a cell-free extract of f. shermani 
in the presence of unlabeled SAM. The tetrapyrroles were isolated and 
esterified and the cobester was isolated by thin layer chromatography. 
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