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Abstract: Two new cobalt corrinoid intermediates, cobalt—precorrin 5A and cobalt—precorrin 5B, have
been synthesized with the aid of overexpressed enzymes of the vitamin B, pathway of Salmonella enterica
serovar typhimurium. These compounds were made in several regioselectively *C-labeled forms, and their
structures have been established by multidimensional NMR spectroscopy. The addition of ChiF to the
enzymes known to synthesize cobalt—precorrin 4 resulted in the formation of cobalt—precorrin 5A, and the
inclusion of CbhiG with ChiF produced cobalt—precorrin 5B, which has allowed us to define the role of
these enzymes in the anaerobic biosynthetic pathway. ChiF is the C-11 methylase, and CbhiG, an enzyme
which shows homology with CobE of the aerobic pathway, is the gene product responsible for the opening
of the ring A d-lactone and extrusion of the “C,” unit. The discovery of these long-sought intermediates
paves the way for defining the final stages of the anaerobic pathway. It is of considerable evolutionary
interest that nature uses two distinct pathways to vitamin Bi,, both conserved over several billion years
and featuring completely different mechanisms for ring-contraction of the porphyrinoid to the corrinoid ring
system. Thus the aerobic pathway utilizes molecular oxygen to trigger the events at C-20 leading to
contraction and expulsion of the “C," unit as acetic acid from a metal-free intermediate, whereas the
anaerobic route features internal delivery of oxygen from a carboxylic acid terminus to C-20 followed by
extrusion of the “C,” unit as acetaldehyde, using cobalt complexes as substrates.

Introduction

Vitamin Bj,, one of the most structurally complex low-
molecular-weight natural products, has a distinctive corrinoid
macrocycle (Figure 1).

Coenzyme B, which mediates a number of important
biochemical transformations, features a 5-deoxyadenosyl moiety
in place of the cyano group as the axial ligand on cobalt.
Contraction of the macrocycle resulting in the direct connection
between rings A and D and involving a 5Cunit extrusion in
its formation has attracted attention since the beginning of the
biosynthetic studies on the cofactor Two pathways to make
vitamin By, have been definet while aerobic organisms utilize
molecular oxygen to achieve this ring contraction in a metal-
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Figure 2. Structures of compounds related to the biosynthetic intermediates of the vitapembic and anaerobic pathwags, R = CH,CO,CHjs; 1b,
R = CHs; AMe = CH,CO,CHg; PVe = CH,CH,CO,CHs.

surprising ring Ad-lactone formation followed by extrusion of Previously, we reported the enzymatic synthesis of six
acetaldehyd&’ Most of the biosynthetic intermediates and unnatural corrinoids1(a, 1b and four other related products)
enzymes of the aerobic pathway have been characterized, butising theSalmonella entericenzymes CbiH, CbiF, CbiG, and
despite intensive research on the anaerobic counterpart, theCbiT overexpressed iEscherichia coli(Figure 2)2

structures of the intermediates between cobaitecorrin 4 and The unexpected “early” methylation at C-15 and decarboxy-
cobyrinic acid remain to be determined, and the roles of some lation at the ring C acetate terminus, attributed to the action of
of its enzymes are not known (Scheme®1). ChiT present in the enzyme lysates, prompted us to investigate
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a|sotopically enriched [3°C]-, [4-13C]-, and [5%3C]ALA are useful
starting materials to enhance tH€ NMR signals in the product.

a similar approach in the absence of this enzyme, which should
lead us to the long-sought cobalt-containing pentamethylated
biosynthetic intermediate. For this purpose, a new construct was

made by deleting the gene chiT from the plasmid harbored in
the strain used in our previous study; the new strain over-
expresses only the enzymes CbiF, CbiG, and ChiH.

A powerful and widely used strategy for the structural
elucidation of porphyrinoids has been the combinatiof’6t
labeled substrate incubations with high-field FT-NMR analysis.
For vitamin B in particular [313C], [4-13C], and [5%3C]
5-aminolevulinic acid (ALA) isotopomers are especially useful
in order to get information on the nature of each carbon of the
macrocycle (Scheme 2).

In this work we report the synthesis and structural charac-
terization of cobaltprecorrin 5A @) and two isomeric forms
of cobalt precorrin 5BZ and3) (Figure 3); these highly oxygen-

sensitive products were isolated and analyzed under argon ad!

the monocyano methylesters.
Results and Discussion

In the first stage of the multienzyme synthesis{@¢JALA
was incubated witls-adenosyk--methionine (SAM) and lysates
of strains ofE. coli that express the enzymes aminolevulinic

spectrometry (ESI) and NMR spectroscopy. The accurate ESI
mass measurements for compourdilsand 3b indicated that

for both products the [M+ Li]* molecular formula matches
C443CgHeeCOLINsO16, Which corresponds to a monocyano
cobalt corrinoid with seven unsaturations. This unusual mono-
cyano form was clearly indicated by tbedvalue corresponding

to M* (note the previously observed correlationeo&nvalues

for dicyano forms} While pentacoordinate organocobalt com-
plexes are rare, they have been previously repdrfeue 13C
NMR analysis of the isomeric produc2® and3b showed that
both have C-1 directly connected to C-19 as expected for any
intermediate after cobalprecorrin 4. The pairs of doublets
associated with these carbons were located in tReegion
indicating the presence of a double bond between rings A and
D. This fact suggested that the lactone function observed in
cobalt-factor 4 had opened, and presumably, C-20 and its
attached methyl group were extruded in the process. The COSY
13C—IH NMR correlation experiment indicated that the only
[4-13C]ALA-derived carbon carrying a hydrogen is C-3; C-17
and C-11 are quaternary centers while C-6, C-8, and C-13 are
s centers. The close similarity @b and3b was also observed

in their UV—vis spectra.

When the method described above was repeated ustgG[3-
ALA as substrate the corresponding produzésand 3a were
obtained. The COSY(C—!H NMR correlation experiments of
these labeled forms allowed us to confirm that C-18 carries a
hydrogen, while C-12, at significant lower field when compared
to that of C-2, C-7, and C-18, subtends a double bond to C-13.

A third labeled version made from [BC]ALA afforded
products 2c and 3c. The ESI mass analyses indicated the
presence of only sevelfC-labeled carbons, confirming the
presumed loss of C-20. The COSSC—!H NMR correlation
experiments showed that C-15 carries only one hydrogen, but
nlike the products isolated in our previous stddlg chemical
shift is in the aromatic region.

The completé3C andH NMR data for isomerg and3 are
summarized in Tables 1 and 2, and the structures proposed are
shown in Figure 3.

The absolute configuration at C-11 of compourdand 3
has already been elucidated and shows that the C-11 methyl

acid dehydratase, porphobilinogen deaminase, uroporphyrinoger@foup is migrated to the-methyl group of C-12 on the basis

Il synthase, CobA (precorrin-2 synthase), and Cobl (precorrin-3
synthase) overnight under argon giving a yellow solution whose
main component was precorrin 3 (Scheme 1). After addition of
glycine cobalt(lll) salt, SAM, and a lysate of a strainfcoli

of the biosynthetic pathway of vitamin;B(Scheme 1}° The
absolute configuration of the acetate side chain at C-18 of
compound?2 was determined on the basis of the NOESY
spectrum (Figure 4).

that expresses the enzyme CbiH, the incubation was continued The NOE correlations were noted between H-18 apd FH

for 16 h to give cobattprecorrin 4. In the final step the
foregoing green solution was incubated for an additional 16 h
with SAM and a lysate of a strain &. coli that expresses the
enzymes CbiH, ChiF, and ChiG which afforded a brown solution
of the cobalt-containing products. Trapping of the porphyrinoids
on DEAE Sephadex, esterification, and chromatographic puri-
fications, all done in the absence of oxygen, yielded two yellow
products, compound&b and3b (2b/3b = 2:1) (Figure 3). These

and between k17a and H-18a in compoun@. Although the
NOESY NMR data do not allow assignment of the absolute
configuration at C-18 for compound, the stereochemistry
shown in Figure 3 follows compour?] and the one observed

in the later intermediate, cobyrinic acid (Scheme 1). The close
NMR values observed for all carbons and hydrogeng ahd

3 around ring D suggest that these compounds might have the
same stereochemistry at that center (C-18). Correlation of all

products were characterized by electrospray ionization massthe data presented above with that of the six closely related

(6) Scott, A. I.; Stolowich, N. J.; Wang, J.; Gawatz, O.; Fridrich, E.; Muller,
G. Proc. Natl. Acad. Sci. U.S.A996 93, 14316-14319.

(7) Wang, J.; Stolowich, N. J.; Santander, P. J.; Park, J. H.; Scott,ot.
Natl. Acad. Sci. U.S.AL996 93, 14320-14322.
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Chem.2006 14, 724-731.

(9) (a) Marzilli, L. G.; Summers, M. F.; Bresciani-Phhor, N.; Zangrando, E.;
Charland, J.-P.; Randaccio, I. Am. Chem. S0d.985 107, 6880-6888.
(b) Zhang, L.-J.; Zhao, X.-L.; Cheng, P.; Xu, J.-Q.; Tang, X.; Cui, X.-B.;
Xu, W.; Wang, T.-G.Bull. Chem. Soc. Jpr2003 76, 1179-1184.

(10) Thibaut, D.; Couder, M.; Famechon, A.; Debussche, L.; Cameron, B.;
Crouzet, J.; Blanche, H. Bacteriol.1992 174, 1043-1049.
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Figure 3. Structures of ChiF and CbiG produc®af-c, 3a—c) and ChiF product4b, 4c) from cobalt-precorrin 4. A = CH,CO,CHjz; PMe = CH,CHy-
CO,CHa.

Table 1. 13C NMR Chemical Shifts (6, (J, Hz)) of Table 2. 'H NMR Chemical Shifts (6) of Cobalt—Precorrin 5B
Cobalt—Precorrin 5B Octamethylester (2a—c and 3a—c) Octamethylester (2 and 3) and Cobalt—Precorrin 5A
Octamethylester (4)
2a 3a
c-2 155.0 (s) 156.4 (s) 2 3 4
C-7 57.0(d, 2.7) 57.0 (d, 2.7) Ha>-2a 2.39,243 2.68,2.85 2.61,2.64
C-12 46.6 (s) 46.3 (s) Hs-2d 1.59 1.49 1.24
C-18 445 (s) 43.0 (s) H-3 4.07 4.27 3.52
C-3a 39.1(s) 39.7 (s) H>-3a 1.76,2.14 1.89,2.08 2.23,2.81
C-8a 27.3(s) 25.6 (s) H>-3b 2.42,2.42 2.37,2.55 1.99,2.34
C-13a 20.9 (s) 20.7 (s) H-5 6.63 6.60 5.57
C-17a 20.3(d, 2.7) 20.0(d, 2.7) H>-7a 2.58,2.64 2.36, 2.47 2.33,2.37
Hs-7d 117 1.20 0.99
2b 3b H»>-8a 2.65,2.77 2.38,2.42 2.27,2.59
c6 177.0 () 1755 (s) H»-8b 2.49,2.63 2.30,2.42
H»-10 3.42,3.59 1.85,3.42 2.18,3.31
C-1 148.9 (d, 89.8) 147.4 (d, 90.7) Ho11
s-11a 0.58 1.96 1.35
C-19 143.9 (d, 89.8) 143.7 (d, 90.7)
Hz-12a 3.36,3.44 3.45,3.45 3.28,3.37
C-13 137.8(d, 5.4) 137.2(d, 4.5)
H>-13a 2.82,2.82 2.83,2.94 2.76,2.85
C-8 132.8(d, 2.7) 132.1(d, 2.7)
H»>-13b 2.60, 2.60 2.62,2.62 2.57,2.61
C-11 76.2(d, 2.7,5.4) 78.1(d, 2.7,4.5)
H-15 6.46 6.49 5.91
C-3 55.5(s) 55.0 (s)
C-17 54.2 (s) 54.0 (s) Hz-17a 1.34 1.43 1.24
’ ’ Ho-174 2.35,2.50 2.14,2.22 1.97,2.02
2 I Ho-178 2.40, 2.40 2.18,2.18 2.10,2.19
H-18 4.21 4.14
C-14 166.8 (d, 67.3) 165.9 (d, 67.3) H,-18a 2.72,2.79 2.85,2.98 3.01,3.11
C-16 165.9 (d, 72.7) 166.7 (d, 72.7) H-20 4.50
C-4 163.0 (d, 71.8) 162.3 (d, 70.9) Hs-20a 0.69
C-9 146.9 (dd, 4.5, 50.3) 144.5 (dd, 4.5, 50.3)
C-5 91.6 (dd, 4.5, 71.8) 91.9 (d, 4.5,70.9)
C-15 87.8 (dd, 67.3,72.7) 87.6 (dd, 67.3,72.7)
C-10 33.6 (d, 50.3) 33.8(d, 50.3)

products described in our recent stBdndicates that the
isomerism between compoun@sand 3 is most likely due to -
the different facial attachment of the cyanide axial ligand. * \ CHg
Quantum mechanical (B3LYP) calculatidhperformed on the
model compound&a and5b, replacing the A and P/¢ side
chains with methyl, showed that an upper face cyanide
coordination (the same as that depicted for vitamigiB Figure NOE 2 Ale

1) implies that H-11a (orange) is left in close proximity of the Figure 4. H—'H correlations (NOESY) and the stereochemistry of
“vacant side” of this pentacoordinated system; a lower face compoundz. AMe = CHCO,CHs; PMe = CH,CH,CO,CH.

cyanide coordination puts 410 (red; hydrogen at C-10 that

is pointed above the plane of the macrocycle) in a similar ) )
situation (Figure 5). reproduced by the DFT calculatiofsThe calculated chemical

shift can be found in Figure 9 of the Supporting Information.
The S configurations at C-18 of compoun@sand 3 (models
5c and 5d, respectively) were also explored computationally;
however, in both models the configuratidR¢r S) at C-18 had

(11) See the Computational Methods section in the Supporting Information for Vlrtua”y no effect on the Cal(?UIated Chemlcal shift fogd10
a detailed description of the theoretical calculations. and H-11a (see the Supporting Information).

This in turn translates into significantly different chemical
shifts of 1.57 ppm observed in the experimeAtANMR value
for Hax10 and 1.38 ppm for k11a (see Table 2) as qualitatively
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Figure 5. 3D representation of the model compoursdsand5b. The theoretical (experimentaiit NMR chemical shifts for B-10, He10, and H-11a
of 5a (2) and5b (3) are shown in the green numbers.

Table 3. 13C NMR Chemical Shifts (8, (J, Hz)) of Cobalt—Factor MeO,C
5A Octamethylester (4b and 4c) }/\ i e
4b 4 H.C ’H‘ HH.C  cH
c6 1789 (s) Cl40r16 1730 (d,718) S s /\ 2(,[:)
C-19 153.3 (dd,3.6,56.5) C-4 171.6  (d, 70.0) o 5 1788 n..\m; —CH,
C-13 136.8 (d,4.5) C-160r14 1655 (d,67.3) N N \_CO2MQ
C-8 1304 (d,2.7) c-9 143.2  (dd, 50.3, 4.5) | B4.7 \c sH
c-1 84.7 (d, 56.5) C-5 87.4 (dd, 4.5, 69.1) (o) 1533 |°\ RV s
C-11 773 (dd,2.7,45) C-15 84.5 (dd, 68.2,70.9) — /“‘*N CN N=wch )
C-17 602 (d,3.6) C-20 823 (s) H\z‘C\J EN‘\ s CH,
c-3 55.7 (s) C-10 328 (d,50.3) :
MeO, S \\‘ A ’/“ CO;Me
CHa H CO,Me
| A 2
There was a large difference in the calculated chemical shift MeO,C
of C-3a and C-17a (purple) betwebBa/5¢c and5b/5d with the
calculated chemical shifts iBa and 5b being more consistent COosY  HMBC NOE
with the experimental results. The energy difference between Figure 6. Important'*C—*H correlation (COSY and HMBC) and thei—
all four models fa—d) was less than 1 kcal mol with 5a *H correlation (NOESY) of compourdb.

being lowest in energy artsb 0.5 kcal mot™? higher in energy
consistent with the observed 2:1 ratio found experimentally for

compound® and3. The absolute configuration of compounds The energy for the models with &R configuration at C-1

2and3 thu; determ|_ned !S ShO\{Vh |n_ Flgurfa 3. ) (6b, 6d, 6f, and6h) are at least 30 kcal mol higher in energy
From a biosynthetic point of view, it is of interest to mention 1,41 those with arS configuration and are therefore not
that compound& and3 can be obtained either via the reduced  gigessed further. In contrast to the results3arand 5b, the
trimethylated intermediate precorrin 3 or from its oxidized - lated chemical shift for k10 and H-11a varied little with
counterpart, factor 3 (Figure 2). An explanation for this apparent change in the coordination face of the cyanidg{t0 1.91
puzzle could be the existence of endogenous nonspecific oxido-5 o4 ppm and kt11a 0.42-0.89 ppm). In all structures of the
reductases in thE. colilysates that would allow interconversion upper face coordinated cyanide f6r the cyanide ligand is

between precorrin 3 and factor 3; further investigation of this .0\ ded by the lactone and is therefore pushed closengo H

chemical shifts are reported in Figure 9 of the Supporting
Information).

enigma is under way. 10 (Figure 8).

In the course of the preparation of the tetramethylated cebalt  The Jowest energy structuréd) has a lower face coordinated
corrinoid |somer§.b.and.3b via precorrin 3 starting from [4C]- cyanide and aR configuration at C-20. The calculated chemical
ALA another distinctive brown producib was isolated. shifts at C-1 and C-20 fddeare consistent with the experimental

Accurate ESI mass determination gave an-f\Mi] ~ molecular values. ModeBgis only 1 kcal mof? higher in energy thaée
formula corresponding to £°CgHeeCOLINsOs6; the difference  and has as configuration at C-20, but the calculated chemical
of only one carbon unit compared with compouratisand3b, shifts for C-1 and C-20 are not consistent with the observed
the number of carbomethoxy groups (based on the integrationyajyes. The only other model that has reasonable calculated
of the region between 2.9 and 3.7 ppm in #&NMR), and chemical shifts for C-1 and C-20 and Brtonfiguration at C-20

the observation that one of the doublets is now ahcgmter is model6a, but it is 1.4 kcal mat! higher in energy thate
suggest the presence obdactone in ring A as in the earlier  gye to the crowding of the upper face by the lactone ring. The

isolate, cobaltfactor 4 (Figure 2). The completéC and'H larger difference in energy between the upper and lower face

NMR data for compound is summarized in Tables 2 and 3, ggrdination of the cyanide i (1.4 kcal mot) compared to

and the structure proposed is shown in Figure 3. that of 5 (0.5 kcal mot?) explains why only one isomer is
The more important connectivities observed in the—'H observed fo# and, on the basis of the energetic and calculated

correlation (COSY and HMBC) and theH—'H correlation chemical shifts, the single isomer has a lower face cyanide

(NOESY) supporting this proposal are shown in Figure 6. coordination and a configuration at C-1 and aR configu-
Quantum chemical calculations were also performed on model ration at C-20 as shown in Figure 3.

compounds@a—h) for 4, replacing the A¢ and P*¢ side chains The important realization that the free acid form of compound

with methyl. There are four possible structures for the upper 4 is the precursor of the tetramethylated intermediate corre-
face cyanide coordinatioé—d) and another four for the lower  sponding to compoundsand3 prompted us to repeat a similar
face Ge—h) cyanide coordination shown in Figure 7 (theoretical incubation experiment but this time intentionally leaving out

J. AM. CHEM. SOC. = VOL. 128, NO. 30, 2006 9975
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Figure 7. Structures of the DFT model compoundia{h) for the experimental compourtb.

from [5-13C]ALA, compound4c was formed. NMR analysis
confirmed the unique features present in this product, i.e., the
singlet for C-20 is still present, its chemical shift is consistent
with a lactone function in ring A, and C-10 appears in the
characteristic region for a reduced meso carbon.

Following the nomenclature proposal for the vitamin, B
precorrin intermediates of assigning figures to indicate the
number of methyl groups derived from SAM, and letters to
distinguish intermediates having the same number of introduced
methyl groups, compoundl can be properly named the
heptamethylester of cobalprecorrin 5A and compoundsand
3 isomeric forms of the octamethylester of cobgitecorrin
5B, respectively.

6e - Yellow

Figure 8. 3D representation of the lowest energy upper and lower face
model compound§a and 6e, respectively.

the enzyme CbiG, as this would define the role of this enzyme
as the ring A lactone opening and;Qunit extrusion catalyst.
This time factor 3 derived from [43C]ALA was used as the
starting material, and after the addition of glycine cobalt(lll) Unlike all the cobalt porphyrinoids that we have described
salt, lysates oE. coli strains expressing exclusively the enzymes in the pas€ where only one nitrogen of the macrocycle is
CbiH and CbiF were used. After overnight incubation the covalently bound to the metal ion and two cyanides appear as
corrinoid products were trapped on DEAE Sephadex, esterified, axial ligands attached to the trivalent cobalt, the products
and purified as described before. On the basis of NMR analysisdescribed in this study have two nitrogen atoms covalently

Conclusion

of the crude mixture, compoundb was determined to be
present; however, compoun@b and 3b were absent. This

coordinated to the metal and only one cyanide as axial ligand.
Compound4 (cobalt-precorrin 5A) corresponds to the long-

confirmed that the enzyme CbiG is the one responsible for the awaited pentamethylated intermediate having five SAM-derived

loss of C-20 and its attached methyl group (see Scheme 2).
In one additional experiment starting from factor 3 derived

9976 J. AM. CHEM. SOC. = VOL. 128, NO. 30, 2006
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Scheme 3 @b

several co,H several
enzymes enzymes
I
—-—— —
0 co**
HaN
P P Hop P
Co-precorrin 3
ChiH
SAM
2 AL CHs

\“ H
P ¢4 P H
precorrin 3 hydroxylactone precorrin 4 Co-precorrin 4
CobM ChiF
SAM
SAM

P CHs P

precorrin 6 cobyrinic acid a,¢c-diamide = Co-precorrin6  —

aThe two pathways for the biosynthesis of vitamimBLeft scheme: the oxygen-dependent route from ALA to cobyrinic acid a,c-diamide in aerobic
organisms . denitrificang. Right scheme: the proposed cobalt-dependent route from ALA to cobyrinic acid a,c-diamide in anaerobic organists (e.g.,
entericaserovar typhimurium)?A = CH,CO;H; P = CH,CH,COH; ANH2 = CH,CONHy; PNH2 = CH,CH,CONH,; SAM = S-adenosyl--methionine.

product precorrin 5, that was made with the aid of enzymes of most likely relationship between compouriiand3 is that they

the aerobic organisRseudomonas denitrificafd3 showing are identical except for the face of attachment of the cyanide
the same hybridization for each of the carbons on the peripheryligand.

of the macrocycle and retaining tlielactone feature present Although the mechanistic proposals for this portion of the
in cobalt-precorrin 4 (Scheme 3). aerobic pathway involve the participation of a single enzyme

Compound® and3 (cobalt-precorrin 5B) correspond to the ~ (CobF) for the overall process of deacylation and subsequent
deacylation product of the ring A lactone opening in which C-20 C-1 methylation, a deacylated and not yet C-1-methylated
and its attached methyl group are lost. On the basis of massintermediate7 was postulated.
spectra, detailed NMR analysis, and molecular modeling the Compounds2 and 3 correspond, indeed, to the cobalt-
containing version of this hitherto unisolated prodiiciVe can
(12) Scott, A. I.; Roessner, C. A.; Stolowich, N. J.; Spencer, J. B.; Min, C.; venture to propose the existence of pentamethylated cobalt-free

Ozaki, S.FEBS Lett.1993 331, 105-108. i i _
(13) Min, C.; Atshaves, B. P.; Roessner, C. A.; Stolowich, N. J.; Spencer, J. _precorn_n, the second one isolable from a SAM-free CobF
B.; Scott, A. I.J. Am. Chem. S0d.993 115 10380-10381. incubation.
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Since compound was made with the aid of ChiF only, in
addition to all the other enzymes necessary to make cebalt
precorrin 4, and compoundsand 3 were made with the sole
addition of CbiG to the previous cocktail, it is now possible to
confidently assign the specific function of each enzyme. ChbiF,
as expected from its homology B denitrificansCobM, is the
SAM-—cobalt-precorrin 4 methyl transferase which methylates
the C-11 position; the product can be named coebalécorrin
5A. This enzyme has a high degree of nonspecificity and
methylates several closely related porphyrinoids atdhsi-
tion. In fact, many of the attempts to obtain compouhih

The next enzymatic step on the anaerobic biosynthetic
pathway, based on the established methylation sequence and
homology to the aerobic counterpart, is methylation at C-1. The
enzyme responsible for this alkylation appears to be ChiD
(Scheme 3). However, the apparent requirements of the presence
of CbiA and CbiP for its activity, in the reported engineered in
vivo synthesis of cobyrinic acid diamidé,anticipates the
challenge that will be encountered in deciphering its complex
mode of action.
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