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ABSTRACT 6-Aminolevulinic acid and trimethylisobacte-
riochlorin are converted by cell-free protein preparations from
Pseudomonas denitrificans into a metal-free pigment, precor-
rin-6x. This pigment, which accumulates when the cell-free
system lacks NADPH, can be enzymically converted in high
yield (>50%) into hydrogenobyrinic acid by the complete
enzyme preparation. Double-labeling experiments establish
that precorrin-6x carries five C-methyl groups, which appear
atC-1,C-2, C-7, C-12a, and C-17 of the hydrogenobyrinic acid
formed enzymically from precorrin-6x. This precursor of the
corrin macrocycle is at the dehydrocorrin level of oxidation,
has undergone ring contraction and extrusion of C-20, but still
carries the acetic acid side chain at C-12. It is demonstrated
that the conversion of precorrin-6x into hydrogenobyrinic acid
specifically requires an NADPH-dependent reduction step.

Cobyrinic acid (structure 5a), a known precursor of vitamin
B),, is biosynthesized from uroporphyrinogen III (structure
1) by a multistep process including eight C-methylations
(Scheme I). Earlier structural work had established that the
first three methyl groups are introduced at positions C-2, C-7,
and C-20 in that order (1) to form the last known partially
methylated intermediate, precorrin-3. This has been isolated,
so far, as the octamethyl ester of its aromatized form (struc-
ture 2a) but it is highly probable that precorrin-3 itself has the
dihydro structure 3a (2) and the dihydro form can be gener-
ated from added aromatic form in the enzymic incubation
mixture. Pulse-labeling experiments (3) revealed that the
fourth methyl is introduced at C-17 and extension of this
approach showed that C-12 is methylated next followed by
C-1 with C-5 and C-15 last (4-7). Finally, the ring contraction
steps leading to the corrin macrocycle were found to involve
extrusion of C-20 and its attached methyl group, with these
appearing, respectively, as the carboxyl and methyl groups of
acetic acid (8, 9).

Hydrogenobyrinic acid (structure 4a), the cobalt-free an-
alogue of cobyrinic acid (structure 5a), had been thought not
to occur in nature (10, 11) but was recently isolated from
Pseudomonas denitrificans grown in a cobalt-containing me-
dium (12). Labeling studies (12) showed that (i) the methyl-
ation sequence from precorrin-3 forward to hydrogenoby-
rinic acid is the same as that outlined above for cobyrinic acid
and (ii) the methyl group at C-20 of precorrin-3 (structure 3a)
is lost during its conversion into hydrogenobyrinic acid
(structure 4a), presumably as acetic acid. These results
clearly indicate that the cobalt-free corrinoid system is con-
structed by the same sequence of reactions as its cobalt-
containing analogue but without cobalt insertion for the
whole pathway.
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We now outline experiments leading to the isolation of an
additional precursor of the corrin macrocycle that carries five
peripheral methyl groups.

MATERIALS AND METHODS

Starting Materials. Labeled samples of trimethylisobacte-
riochlorin (structures 2b and 2¢) were obtained by incubation
of suitably labeled forms of &-aminolevulinic acid and S-
adenosylmethionine (SAM) in a cell-free enzyme system
prepared from P. denitrificans (see below). They were puri-
fied chromatographically as the octamethyl ester in the
standard way and were then fully hydrolyzed as usual with 2
M aqueous piperidine immediately before use. C2H;0H was
from Commissariat & I’Energie Atomique (Gif-sur-Yvette,
France) and [methyl-3 CISAM (>85 atom % !*C) was a
generous gift (G. Miiller, Institut fiir Organische Chemie,
Biochemie und Isotopenforschung, Stiittgart).

Determination of Radioactivity. Samples were assayed on a
Packard Tri-Carb 4430 liquid scintillation counter in Beck-
man Ready Gel. Quench corrections were carried out by the
Spectral Index of the Sample method (Packard) according to
the manufacturer’s instructions, using [*H]- and [**C]toluene
as standards (Amersham).

Preparation of *H- and '“C-Labeled Pigment x. A crude cell
extract of broken cells of P. denitrificans SC510 pXL253 was
prepared in 0.1 M Tris-HCI, pH 7.7/1 mM EDTA/200 mM
KCl (buffer A) and was applied to a column of Sephadex G-25
equilibrated with the same buffer. The protein fraction (=250
mg of protein) was incubated anaerobically at 30°C for 7 hr
with [methyl-*H]SAM (5 umol), the labeled trimethylisobac-
teriochlorin (200 nmol), NADH (10 pmol), ATP (20 wmol),
and MgCl, (50 pmol) in 25 ml of buffer A. A sample of this
preparation was incubated with NADPH (1 mM), to synthe-
size hydrogenobyrinic acid (structures 4c¢ and 4e) from tri-
methylisobacteriochlorin (structures 2b and 2c).

Preparation of ['*C]Methyl-Labeled Pigment x. This was
obtained by the same method as for the preceding preparation
using unlabeled trimethylisobacteriochlorin (structure 2a)
with [methyl-13C]SAM on a scale sufficient to obtain 1.2 wmol
of purified pigment x. A small amount of [methyl-'*CISAM
(75 uCi; 1.5 pmol; 1 Ci = 37 GBq) was included in the
incubation to trace pigment x during purification and to
calculate the incorporation level.

Purification of Pigment x. The incubation mixture was
diluted with 4 vol of water and applied to a column of
DEAE-Sephadex. After the column was washed with 5 vol of
0.1 M Tris-HCI (pH 7.7), the tetrapyrrolic acids were eluted
with 1 M HCl and were separated by HPLC on a uBondapak
C-18 column (Waters) using a 0-50% linear gradient of
acetonitrile in 0.1 M potassium phosphate buffer (pH 5.8).
Pigment x was further purified on a Mono Q HR 5/5 column

Abbreviation: SAM, S-adenosylmethionine.
*To whom reprint requests should be addressed.
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Scheme 1

(Pharmacia) eluted with a linear gradient of 0-1 M KClin 0.1
M potassium phosphate buffer (pH 6.8). It was finally re-
chromatographed to constant specific activity CH and ¥C) on
the reversed-phase column described above eluted with a
gradient of 5-25% acetonitrile and used directly for biosyn-
thetic experiments. On-line detection of “C radioactivity
during HPLC was achieved with a Berthold LB 505 radio-

activity detector equipped with a GT 200 glass scintillator
cell.

Biosynthetic Formation of Hydrogenobyrinic Acid from
Pigment x. Pigment x (=60 nmol) was incubated anaerobi-
cally for 7 hr at 30°C in 10 ml of buffer A with the protein
fraction (=100 mg of protein) described above from P.
denitrificans, SAM (5 umol), and NADPH (20 wmol). The
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resultant hydrogenobyrinic acid was isolated as described
(12) and rigorously purified by HPLC to constant specific
activity and *H/!*C ratio by using the system described for
pigment X.

Preparation of Cobester from Hydrogenobyrinic Acid. Co-
balt was introduced nonenzymically into previously desalted
hydrogenobyrinic acid (structure 4f) (13), the resultant co-
bacid was esterified, and the cobester (structure 5c¢) was
purified by standard methods.

Preparation, Purification, and Subsequent Hydrolysis of the
Methyl Ester of Pigment x. “C-labeled pigment x was pre-
pared as described above from unlabeled trimethylisobacte-
riochlorin and [methyl-"*CISAM. The purified product was
desalted with a Sep-Pak C-18 cartridge (Waters) and then
esterified under argon with 5% (vol/vol) sulfuric acid in
methanol (18 hr at room temperature). Standard workup
afforded the ester, which was purified by TLC on silica gel 60
eluting with dichloromethane/methanol (98.3:1.7). Hydroly-
sis of the ester was achieved in 2 M aqueous piperidine under
argon at room temperature for 24 hr.

RESULTS

A cell-free extract was prepared from broken cells of P.
denitrificans SC510 pXL253 and the partially purified protein
fraction was used for the enzymic experiments. When this
preparation was incubated with SAM, ATP, MgCl,, NADH,
and NADPH, hydrogenobyrinic acid was produced and could
be isolated in the pure state by reversed-phase HPLC. The
decisive observation was made that when NADPH was
omitted from the incubation mixture, hydrogenobyrinic acid
was no longer formed and a yellow pigment x was produced
in its place. This pigment x could be isolated to purity by
HPLC, which enabled the following labeling studies to be
carried out.

Experiment 1. The ¥C-labeled trimethylisobacteriochlorin
(structure 2b) was produced biosynthetically from 8-amino[4-
14C]levulinic acid. This was then converted by way of the
dihydrosystem (structure 3b) using the NADPH-free enzyme
system described above with [methyl->*H]SAM into pigment
x, the 3H/™C ratio of which showed that three >H-labeled
methyl groups had been introduced (Table 1). This depended
on comparing the 3H/™*C ratio for pigment x with the ratio
found for hydrogenobyrinic acid (structure 4¢) biosynthe-
sized in parallel from the same two labeled precursors, a ratio
that necessarily corresponds to the introduction. of five
3H-labeled methyl groups. The purity of both the hydrogeno-
byrinic acid and pigment x in the foregoing and following
experiments was established by repeated reversed-phase
HPLC fractionation to constant specific activity and *H/*C
ratio. When the double-labeled pigment x was incubated with
the enzyme system containing NADPH, it was efficiently
converted into hydrogenobyrinic acid (structure 4b; 52%
yield) without significant change in the 3H/!C ratio (Table 1).
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This proves that pigment x is a biosynthetic precursor of
hydrogenobyrinic acid (structure 4a).

~ Experiment 2. [2,7,20-methyl-1*C]Trimethylisobacterio-
chlorin (structure 2¢) as a source of 3c and [methyl-*H]SAM
were used to biosynthesize pigment x, which was isolated to
determine its *H/MC ratio and then was enzymically con-
verted by using unlabeled SAM into hydrogenobyrinic acid
(structure 4d) that had essentially the same *H/*C ratio (3.02
relative to 3.04; Table 1). This clearly showed that the methyl
group at C-20 must already have been extruded at some stage
along the pathway to pigment x. Interlocking support for this
conclusion comes from the 3H/**C ratio of pigment x, which
on the basis of loss of the C-20 methyl, corresponds, in
agreement with experiment 1, to the introduction of three
3H-labeled methyl groups into pigment x [again relative to
hydrogenobyrinic acid (structure 4e) as standard; Table 1].
However, if the calculation assumes the C-20 methyl is still
retained in pigment x, the ratio corresponds to the introduc-
tion of 4.37 3H-labeled methyl groups, which is inconsistent
with experiment 1.

The results so far prove that pigment x is a precusor of the
corrin macrocycle and that it carries five peripheral methyl
groups; namely, the two at C-2 and C-7 of precorrin-3
(structure 3a), which are retained together with three intro-
duced later from SAM. The sixth SAM-derived methyl group
at C-20 of structure 3a has been extruded. This precursor can
therefore be named (6) precorrin-6x. The x will be replaced
in the future by a capital letter after it has been determined
whether there exist, for example, one (precorrin-6A) or two
(precorrins-6A and -6B) biosynthetic intermediate precursors
to the present member of the precorrin-6 family.

To gain information about the sites of C-methylation in
precorrin-6x, it was biosynthesized from unlabeled trimeth-
ylisobacteriochlorin (structure 2a) and [methyl-13*CISAM.
After HPLC purification, the 1*C-labeled precorrin-6x was
enzymically converted in high yield (89%) into hydrogeno-
byrinic acid (structure 4f), again isolated in the pure state by
HPLC. Nonenzymic insertion of cobalt (II) (13) then gave
cobyrinic acid (structure 5b), which was esterified to yield
cobester (structure 5¢). The 3C NMR spectrum of structure
Sc (Fig. 1) showed three *C-enriched methyl groups at
positions C-1, C-12a, and C-17, which confirms that precor-
rin-6x is an efficient precursor of hydrogenobyrinic acid and
that it carries five C-methyl groups.

The methyl ester of precorrin-6x showed by fast atom
bombardment MS that m/z = 1006, which fits a metal-free
macrocycle carrying eight carboxyl groups. Confirmation
came by using C*H;O0H to prepare the ester when the m/z
value was 1030, an increment of 24, thus proving the presence
of eight carboxyl groups. The octa acid obtained by hydrol-
ysis of the ester with 2 M aqueous piperidine, after HPLC
purification, was enzymically converted (as described above)
just as efficiently into hydrogenobyrinic acid (structure 4a) as
the freshly isolated precorrin-6x. It follows that no irrevers-

Table 1. Double-labeling experiments with enzyme preparation from P. denitrificans

Biosynthesis of precorrin-6x (and

hydrogenobyrinic acid) from trimethyl-
isobacteriochlorin and [methyl->*H]SAM

Conversion of precorrin-6x into
hydrogenobyrinic acid

Added precursor 3 .
H activit
Trimethyliso- 3H/MC ratio of products ofm y
bacteriochlorin,  [methyl-3H]- Hydrogeno-  Added methyls  precorrin-6x,  Incorporation, 3H/}C
Exp. uCi, SAM, uCi Precorrin-6x  byrinic acid  in precorrin-6x* dpm % ratio
1 1.06 (2b) 15.3 1.76 3.17 2.78 1.2 x 10° 52 1.76
2 4.50 (2¢) 75.0 3.02 5.18 2.92F (4.37)% 6.0 x 108 S1 3.04

*Calculated relative to five methyl groups added for hydrogenobyrinic acid.
tAssuming elimination of C-20 methyl group prior to precorrin-6x formation.

fAssuming C-20 methyl group still present in precorrin-6x.
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Fic. 1. Proton-noise-decoupled *C NMR spectra of labeled
cobester (5¢, X = Y = CN) biosynthesized from precorrin-6x (A) and
unlabeled cobester (natural abundance signals) (B).

ible structural changes occur during the esterification and
hydrolysis procedures.

The MS result of m/z = 1006 is important. If, to simplify
the arithmetic, one considers a possible structure 6 for
precorrin-6x rélated to that of hydrogenobyrinic acid (struc-
ture 4a) with six double bonds, the requirement for the ester
would be m/z = 1008, not 1006 as found. Therefore precor-
rin-6x has seven double bonds and is at the oxidation level of
a dehydrocorrin. Reduction is thus needed to reach the final
oxidation level of hydrogenobyrinic acid and this is in agree-
ment with the original observation that precorrin-6x accu-
mulates in the absence of NADPH. That NADPH is specif-
ically reqiired for the biosynthetic sequence from precor-
rin-6x to hydrogenobyrinic acid and cannot be replaced by
NADH is demonstrated by the experiments illustrated in Fig.
2. Importantly, the foregoing results on precorrin-6x accu-
mulation and properties were reproduced when 8-aminole-
vulinic acid was used as precursor rather than the trimeth-
ylisobacteriochlorin (structure 2a). This shows that precor-
rin-6x is on the normal biosynthetic pathway and eliminates
the remote possibility that it is some aberrant product from
the aromatic macrocycle 2a.

DISCUSSION

The isolation of precorrin-6x and knowledge of its formation
and propertiés allows several important conclusions (see
below) to be drawn about the biosynthesis of the corrin
macrocycle and, hence, of vitamin B,, itself. The direct
relevance to vitamin By, is cértain because the genetically
engineered strain SC510 pXL253 overexpresses eight genes
involved in the biosynthesis of cobyrinic acid from precor-
rin-2 (14). Whei the conclusions below are combined with the
structural information presented in the accompanying paper
(15), the entire diréction of research on B;, biosynthesis is
changed. Furthermore, they show that the most recently
published scheme for corrin biosynthesis (7) and the struc-
tures there for precorrin-5, -6, -7, and -8 must be abandoned.

(i) It is certain that the pathway to corrins involves an
NADPH-dependent reduction step with precorrin-6x as the
substrate.
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FiG. 2. Requirement for pyridine nucleotide coenzyme for con-
version of precorrin-6x into hydrogenobyrinic acid. “C-labeled
precorrin-6x (2 nmol) was incubated at 30°C for 1 hr with 0.75 mg of
protein extract and SAM (30 nmol) together with NADPH (a),
NADP* (0), or NADH (a) in a total vol of 1 ml. The hydrogeno-
byrinic acid produced was assayed by HPLC.

The results from earlier experiments (16, 17) with Propi-
onibacterium shermanii on the possible significance of de-
hydrocerrins in B;, biosynthesis were interpreted as indicat-
ing no involvement of biological redox reagents despite there
being in both studies a substantially lower level of uptake of
label from the medium at C-19 of the corrin system (see
structure 5a) than expected. Two explanations were offered
(16, 17) for the result at C-19: (a) no reducing cofactor was
involved but there was a marked isotope effect on hydrogen
uptake from the medium, or (b) there was a flavin-mediated
exchange of a reducing cofactor with the medium. In the light
of conclusion i, it is clear that the wrong explanation was
selected. Indeed, our biological system possesses transhy-
drogenase activity since it still converts precorrin-6x into
hydrogenobyrinic acid when NADPH is replaced by NADH
plus NADP*. All our observations show that rigorous evi-
dence for the NADPH requirement carni only be obtained from
an optimized enzyme system.

(i) Direct evidence is provided that the methyl groups that
appear in hydrogenobyrinic acid (structure 4a) at C-17, C-12,
and C-1 are the next ones to be introduced after those at C-2,
C-7, and C-20 (the latter being extruded) and those at C-5 and
C-15 are last.

(iii) The elimination of the methyl group at C-20 (present in
structure 3a) occurs before methylation at C-5 and C-15.

(iv) The most surprising finding is that ring contraction and
introduction of theé methyl group, which appears at the C-12a
positioii in hydrogenobyrinic &cid (structure 4a), both take
place before decarboxylation of the C-12 acetate residue.

The previously held view; based on mechanistic argu-
ments, has been that decarboxylation of the C-12 acetate
résidue would precede C-12a methylation. This aspect is
discussed in the accompanying paper (15), which shows how
the problem is overcome in the biological system.

_For more than 10 years, a major effort in a number of
laboratories has been aimed at isolating biosynthetic inter-
mediates for corrins that carry more than three C-methyl
groups, but without success. The isolation of precorrin-6x
now changes the scene.
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