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The cobalamin biosynthetic pathway enzyme that catalyzes amidation of 5'-deoxy-5'-adenosyl-cobyrinic acid
a,c-diamide was purified to homogeneity from extracts of a recombinant strain of Pseudomonas denitrificans by
a four-column procedure. The purified protein had an isoelectric point of 5.6 and molecular weights of 97,300
as estimated by gel filtration and 57,000 as estimated by gel electrophoresis under denaturing conditions,
suggesting that the active enzyme is a homodimer. Stepwise Edman degradation provided the sequence of the
first 16 amino acid residues at the N terminus. The enzyme catalyzed the four-step amidation sequence from
cobyrinic acid a,c-diamide to cobyric acid via the formation of cobyrinic acid triamide, tetraamide, and
pentaamide intermediates. The amidations are carried out in a specific order; this order was not determined.
The enzyme was specific to coenzyme forms of substrates and did not carry out amidation of the carboxyl group
at positionf. The amidation reactions were ATP/Mg2+ dependent and exhibited a broad optimum around pH
7.5. L-Glutamine was shown to be the preferred amide group donor (Km = 45 ,uM) but could be replaced by
ammonia (Km = 20 mM). For all of the four partially amidated substrates, the Km values were in the
micromolar range and the Vmax values were about 7,000 nmol h-1 mg-'.

The biosynthesis of cobinamide from cobyrinic acid in-
volves six stepwise amidations of peripheral carboxyl groups
at positions a, b, c, d, e, and g to yield free amides and
attachment of (R)-1-amino-2-propanol at position f (Fig. 1).
In several laboratories, a number of partially amidated
corrinoids have been isolated from cultures of microorgan-
isms or transformed into complete corrinoids during feeding
experiments to discover the sequence for attachment of
unsubstituted amide groups and of (R)-1-amino-2-propanol
(for a review, see reference 13). Some authors concluded
that the amidations follow a preferred but not strictly oblig-
atory route and that the (R)-1-amino-2-propanol group is
introduced at a stage that depends on cultivation conditions
(2, 13), whereas other authors suggested that (R)-1-amino-2-
propanol is incorporated only after completion of the six
other amidations (1) and that the preceding amidations
follow one unique sequence (Fig. 2) (5, 14, 15, 18).
The major corrinoids occurring in nature apparently exist

in the coenzyme form (Fig. 1). The 5'-deoxy-5'-adenosyl
(Ado) axial upper ligand of cobalt is presumably introduced
soon after completion of the corrin ring, at a stage that is not
established yet but certainly after the cobyrinic acid stage,
since this intermediate has been isolated only in the diaqua
form (2).
The first amidation activity along the cobalamin pathway

from cobyrinic acid was recently purified to homogeneity
from a recombinant strain of Pseudomonas denitrificans and
was characterized in this laboratory (11). The enzyme was

shown to catalyze the conversion of both cobyrinic acid and
hydrogenobyrinic acid to their a,c-diamide derivatives via
the transient formation of the c-monoamide. Our study also
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revealed that the two amidations of acetic carboxyls c and a

of cobyrinic acid can precede adenosylation.
So far, only two in vitro studies dealing with amidation

reactions of downstream cobyrinic acid a,c-diamide have
been reported. The first involved incubations of Ado-corri-
noid monocarboxylic to pentacarboxylic acids with crude
cell extracts of Propionibacterium shermanii (20), and the
second reports on an assay of a weak amidation activity with
a synthetic substrate, presumably cobinic acid a,c,d,e,g-
pentaamide (structured like cobinamide, but with a free
carboxyl group at position b; Fig. 1), with protein extracts of
Clostridium tetanomorphum (12). These two studies, partic-
ularly that reported by Rapp (20), mainly confirmed the
conclusions drawn from earlier in vivo work on the overall
pathway (2) but did not provide information on the enzymol-
ogy of the individual steps.

This work was undertaken to characterize the amidation
activity from cobyrinic acid a,c-diamide. The enzyme was

purified to homogeneity by high-performance liquid chroma-
tography (HPLC) and was shown to catalyze the four
stepwise amidations of carboxyl groups at positions b, d, e,
and g to yield cobyric acid.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacteriologi-

cal techniques used have been described elsewhere (6).
Plasmid pXL617 (6) was transferred from Escherichia coli
MC1060 (7) to P. denitrificans SC510 Rif' (4) through tripa-
rental mating with MC1060(pRK2073) as the source of the
helper vector for conjugation (6, 19). For cobyric acid
synthase purification, strain SC510 Rif(pXL617) was grown
on a rotary shaker at 30°C in 250-ml Erlenmeyer flasks
containing 50 ml of PS4 medium (6) supplemented with
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FIG. 1. Biosynthesis of cobinamide from cobyrinic acid. X and Y represent the axial upper and lower ligands of cobalt, respectively, and

a through g represent the conventional lettering of peripheral side chains. For the coenzyme form X indicates Ado and Y indicates H20; for
the diaqua form, both X and Y indicate H20.

lividomycin. After 4 days of incubation, the cells were
harvested by centrifugation, washed with 0.1 M Tris hydro-
chloride buffer (pH 7.5), and stored at -20°C until use.

Materials. Partially amidated corrinoids accumulated by
growing P. denitrificans SC510 Rif' cells were extracted and
purified in their natural forms essentially as described else-
where (5), except that cyanide was omitted throughout the
purification process. These corrinoids were identified from
their UV-visible spectra (17) and their chromatographic
behaviors (5) after conversion to the corresponding cyano
forms. The diaqua forms of cobyrinic acid a,c-diamide and
cobyrinic acid pentaamide were generated from their coen-
zyme forms by sunlight photolysis as described by Weiss-
bach et al. (22) and were identified from their UV-visible
spectra (16). The monocyano forms of corrinoids and hydro-
genobyrinic acid a,c-diamide were obtained as previously
reported (5, 11). Centriprep 10 concentrators and Centricon
10 microconcentrators were obtained from Amicon Corp.,
Danvers, Mass.

General methods. The following methods used for protein
characterization are described elsewhere (4, 11): sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis,
isoelectric focusing, estimation of protein molecular weight
by gel filtration (on a Bio-Sil SEC 250 column; Bio-Rad),
N-terminal amino acid sequencing, and determination of
protein concentrations.

Assay of cobyric acid synthase activity. The incubation
conditions were those used previously for assaying cobyrinic
acid a,c-diamide synthase activity (6), except that 1 mM
dithiothreitol (DTT) and 1 mM EDTA were added to the
incubation buffer (pH 7.5), and Ado-cobyrinic acid a,c-
diamide or Ado-cobyrinic acid pentaamide (10 ,uM) replaced
hydrogenobyrinic acid. The amidated species formed during
incubation were converted to their corresponding cyano
forms and separated and quantitated by HPLC as described
elsewhere (5). One unit of cobyric acid synthase activity was
defined as the amount of enzyme necessary to transfer 1
nmol of amide group per h under the conditions described
above.

Kinetic measurements. The kinetic parameters were deter-
mined as previously described (11). All experiments were
carried out at MgCl2 concentrations 2.5-fold higher than the
ATP concentrations. Appropriate equations were fitted to
weighted experimental data with the computer program

Enzfitter (Elsevier Science Publishers BV, Amsterdam, The
Netherlands).

Purification of cobyric acid synthase. Unless otherwise
mentioned, the pH of all buffers was adjusted to 7.7, and all
chromatographic separations were carried out at 20°C with a
Gilson 305 gradient HPLC system.

(i) Preparation of a crude extract. A cell extract of strain
SC510 Rifr(pXL617) was prepared at 4°C from 2.5 g of wet
cells in 10 ml of 0.1 M Tris hydrochloride-1 mM DTT-1 mM
EDTA (buffer A) as previously described (4). Three volumes
of 10 mM Tris hydrochloride-i mM DTT-20% (wt/vol)
glycerol (buffer B) were immediately added to the clear
supernatant.

(ii) First ion-exchange chromatography. The crude cell
extract was loaded at a flow rate of 3 ml min-' on a Mono Q
HR 10/10 column (Pharmacia, Uppsala, Sweden) equili-
brated with buffer B. Proteins were eluted with a linear
gradient of sodium chloride (0 to 0.5 M) in buffer B.

(iii) Hydrophobic chromatography. One volume of buffer
A-1.7 M ammonium sulfate was added to the active protein
fraction from step ii, and the solution was loaded at a flow
rate of 1.0 ml min-' onto a Phenyl-Superose HR 10/10
column (Pharmacia) equilibrated with buffer A-0.85 M am-
monium sulfate. Proteins were eluted with a linear decreas-
ing gradient of ammonium sulfate from 0.85 to 0 M in buffer
A. Active fractions were pooled, and 20% glycerol was
immediately added to the solution.

(iv) Second ion-exchange chromatography. The protein
solution was concentrated to 2.5 ml with a Centriprep 10
concentrator and desalted on a PD 10 column (Pharmacia)
equilibrated with 50 mM Tris hydrochloride (pH 8.3)-i mM
DTT-20% glycerol (buffer C). The protein fraction was
collected and injected at 1 ml min-' on a Mono Q HR 5/5
column (Pharmacia) equilibrated with buffer C. Proteins
were eluted with a linear gradient of sodium chloride (from 0
to 0.5 M) in buffer C.

(v) Gel permeation chromatography. After concentration
to 200 ,ul with a Centricon 10 microconcentrator, the protein
solution was fractionated on a Bio-Sil SEC-250 column
(Bio-Rad Laboratories, Richmond, Calif.). The enzyme was
eluted as a symmetrical peak at 0.5 ml min-' in 50 mM Tris
hydrochloride (pH 7.5)-0.1 M sodium chloride-1 mM DTT-
20% glycerol.
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FIG. 2. Simplified scheme for biosynthetic reactions from cobyrinic acid a,c-diamide to cobinamide. The solid lines indicate the
biosynthetic sequence demonstrated in P. denitrificans, and the dashed lines indicate alternate reaction sequences suggested in P. shermanji
(2, 13). Gln, glutamine; AP, (R)-1-amino-2-propanol. The chemical structures for cobyrinic acid a,c-diamide, cobyric acid, and cobinamide
are shown.

RESULTS

Identification of incompletely amidated cortinoids accumu-
lated by P. denitrificans. Earlier work in this laboratory (5)
has shown that growing P. denitrificans accumulates sub-
stantial amounts of cobyrinic acids a,c-diamide, triamide,
tetraamide, and pentaamide as well as cobyric acid. How-
ever, despite careful examination, incompletely amidated
corrinoids containing the (R)-1-amino-2-propanol group (co-
binic acids) could not be detected in this microorganism.
Therefore, it was suggested that, in P. denitrificans, the
(R)-1-amino-2-propanol group is incorporated only after
completion of all the other amidations (Fig. 2) (5). In this
study, the partially amidated corrinoids were isolated and
purified in their native forms. Only five compounds were
found. All of them exhibited very similar spectra, with four
maxima (e) at 262 nm (33,500 M-1 cm-'), 303 nm (21,000
M-1 cm-'), 375 nm (8,500 M-1 cm-'), and 456 nm (9,000
M` cm-'). These spectra, which remained almost un-
changed after acidification, provided evidence that these
compounds were incomplete B12 factors containing an Ado

group as the axial upper [igand of cobalt (18, 22). The
compounds were further identified by HPLC as cobyrinic
acids a,c-diamide, triamide, tetraamide, pentaamide, and
cobyric acid after conversion to their corresponding cyano
forms. The availability of Ado-cobyrinic acid a,c-diamide
and the fact that this compound was the best candidate for
being a substrate of the triamide synthase activity, prompted
us to study the relevant enzymic step.

Detection of SC510 recombinant strains that amplify coby-
ric acid synthase activity and enzyme purification. An L-glu-
tamine-dependent cobyrinic acid a,c-diamide amidating ac-
tivity of about 100 U mg of protein-' was detected in crude
extracts of SC510 Rif' strains harboring plasmid pXL617 or
other plasmids carrying the cobQ gene (9). When they were
separated by HPLC, the products of this activity were
shown to be four in number. Three of them exhibited the
same HPLC behavior as cobyrinic acids triamide, tetra-
amide, and pentaamide isolated from P. denitrificans,
whereas the last one was cobyric acid. Amide synthase
activity was undetectable (<0.01 U mg-') in crude cell
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TABLE 1. Purification of cobyric acid synthase
from P. denitrificans

Amt of Sp act (Umga Purifi-Purification Vol protein of protein-') Recoverya cationa
step (ml) (mg) a' b" (% (fold)

Crude extract 8.5 203 110 120
Mono Q 10/10 8.0 35.5 390 420 62 3.5
Phenyl-Superose 8.0 3.23 2,000 2,000 29 18
Mono Q 5/5 1.0 1.20 4,500 4,100 24 41
Bio-Sil SEC-250 0.75 0.88 5,000 NDC 20 45

a With Ado-cobyrinic acid a,c-diamide as the substrate.
b With Ado-cobyrinic acid pentaamide as the substrate.
c ND, not determined.

extracts of SC510 Rif. It was ATP/Mg2" dependent and
exhibited a broad maximum around pH 7.5 (7.2 to 8.0) in Tris
hydrochloride buffer. The addition of 1 mM EDTA in
incubation buffer always resulted in a two- to threefold
increase of activity. The enzyme was purified 45-fold with an

overall yield of 20% from strain SC510 Rif(pXL617) with
Ado-cobyrinic acid a,c-diamide as the substrate (Table 1).
Glycerol (20%, wt/vol) and DTT (21 mM) were necessary to
stabilize the enzyme during purification (100% of the activity
was lost after 48 h at 0°C or -20°C in 0.1 M Tris hydrochlo-
ride [pH 7.5]). The enzyme could be stored at -20°C for
several weeks in the eluate from purification step v without
detectable loss of activity.

Products of cobyric acid synthase activity. The products of
purified cobyrinic acid a,c-diamide amidating activity were

the same as those obtained by incubating impure protein
fractions (i.e., cobyrinic acids triamide to pentaamide and
cobyric acid); no fully amidated compound was detected
(Fig. 3). Moreover, active fractions from all purification
steps exhibited specific activities nearly identical when de-
termined with cobyrinic acid a,c-diamide or cobyrinic acid
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FIG. 3. Identification of products of purified cobyric acid syn-
thase activity by HPLC. Peaks: 1, cobyrinic acid a,c-diamide; 2,
cobyrinic acid triamide; 3, cobyrinic acid tetraamide; 4, cobyrinic
acid pentaamide; 5, cobyric acid. The incubation conditions were as

described in Materials and Methods with Ado-cobyrinic acid a,c-
diamide as a substrate.
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FIG. 4. SDS-polyacrylamide gel electrophoresis of purified co-
byric acid synthase. Lanes: A, pure cobyric acid synthase (0.5 jig);
B, molecular weight markers (in thousands) (0.25 to 0.5 jig per
band).

pentaamide as the substrate (within experimental error)
(Table 1), thus indicating that the same enzyme is responsi-
ble for all four amidation reactions.
Homogeneity and N-terminal amino acid sequence. The

purified protein was homogeneous, as judged by SDS-poly-
acrylamide gel electrophoresis (Fig. 4) and isoelectric focus-
ing (isoelectric point, 5.6; data not shown). When the en-
zyme was subjected to microsequencing, the N terminus was
not blocked and the first 16 cycles revealed only one clean
sequence: H2N-Thr-Arg-Arg-Ile-Met-Leu-Gln-Gly-Thr-Gly-
Ser-Asp-Val-Gly-Lys-Ser.
Molecular weight. The molecular weight of the native

enzyme was estimated to be 97,300 + 2,000 by gel filtration,
whereas SDS-polyacrylamide gel electrophoresis (Fig. 4)
showed a molecular weight of 57,000 + 3,000. These results
strongly suggest a homodimeric structure.

Absorption spectrum. In 50 mM Tris hydrochloride (pH
7.5)-S5 mM DTT-1 mM EDTA-20% glycerol, purified coby-
ric acid synthase had a typical protein spectrum with an
absorption maximum at 280 nm and no absorbance in the
visible region. The A28JA260 ratio was 1.86:1, and the
measured molar extinction coefficient at 280 nm was 5.8 104
M` cm-'.

Catalytic properties and substrate specificity. Steady-state
kinetic analyses of the purified enzyme were carried out with
Ado-cobyrinic acids a,c-diamide, triamide, tetraamide, and
pentaamide. All of the four corrinoid substrates showed
identical Km and Vmax values (about 1.2 ,uM and 7,000 nmol
h-1 mg-1, respectively; Table 2). Glutamine affinity for
cobyric acid synthase was roughly constant regardless of the
corrinoid substrate used (Km value around 45 ,uM), whereas
ATP affinity was apparently dependent on the number of free
carboxyl groups present on peripheral side chains of the
corrinoid used for the kinetic analysis. This phenomenon,
which has potentially regulatory significance, was not inves-
tigated further. The positions of the amide groups in coby-
rinic acids triamide, tetraamide, and pentaamide were not
determined, and the actual sequence of the four amidations
from cobyrinic acid a,c-diamide is not yet established.
However, in the presence of an excess of cobyric acid
synthase, the triamide, tetraamide, and pentaamide deriva-
tives of cobyrinic acid transiently formed in the course of
incubation were shown to be quantitatively transformed into
cobyric acid at the end. This result indicates that (i) coby-
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TABLE 2. Steady-state parameters for turnover of some
substrates by cobyric acid synthase

Km (>M) Vmax
Substrate Glu- (nmol h-

Corrinoid ATP tamine mg-1)

Ado-cobyrinic acid 1.04 + 0.24 11 ± 3 45 ± 11 6,850
a,c-diamide

Ado-cobyrinic acid 1.22 ± 0.26 35 ± 9 33 ± 7 6,560
triamide

Ado-cobyrinic acid 1.21 ± 0.04 120 ± 47 64 ± 9 6,920
tetraamide

Ado-cobyrinic acid 1.25 ± 0.24 88 ± 18 49 ± 5 7,280
pentaamide

Ado-cobyric acid No amidation
Hydrogenobyrinic No amidation

acid a,c-diamide

rinic acids triamide to pentaamide are on the pathway to
cobyric acid and (ii) the carboxyl group at position f is not
amidated by the enzyme. This later result was rigorously
confirmed by incubating pure cobyric acid synthase with
Ado-cobyric acid (Table 2).

This activity was apparently specific to the coenzyme
form of the corrinoid substrate, since neither the monocyano
nor diaqua form of cobyrinic acid a,c-diamide or cobyrinic
acid pentaamide was amidated by cobyric acid synthase.
Hydrogenobyrinic acid a,c-diamide was also not a substrate
of the reaction (Table 2). The preferred amino group source
was L-glutamine, but ammonia could be used instead with a

reduced affinity (Km of 20.4 mM with cobyrinic acid a,c-
diamide as a substrate).

DISCUSSION

The enzyme that catalyzes amidation of cobyrinic acid
a,c-diamide was purified to homogeneity from extracts of a

recombinant P. denitrificans strain by a four-column proce-
dure. The purified preparations were homogeneous, as

judged from SDS-polyacrylamide gel electrophoresis, iso-
electric focusing, and gel permeation. Moreover, when sub-
jected to amino-terminal analysis, our final preparation
showed only one sequence for the first 16 amino acid
residues at the N terminus, which indicated complete re-

moval of the terminal methionine in the mature protein. This
sequence was identical with the N-terminal sequence of the
protein encoded by the cobQ gene carried by plasmid
pXL617 (9), and the estimated molecular weight of the
denatured protein (57,000) agreed reasonably well with the
molecular weight (52,000) predicted from the DNA sequence
of the cobQ gene. These results establish that cobQ is the
structural gene of cobyric acid synthase. Evidence that
cobyric acid synthase is involved in cobalamin biosynthesis
was obtained from a study of strains G624 and G626, two
Agrobacterium tumefaciens mutants carrying a cobQ muta-
tion (6) complemented by pXL617. When cultivated in a
5"Co-containing medium, these mutants where shown by
HPLC (5) to be deficient in cobalamin biosynthesis (<0.5%
of the parent strain level), but they accumulated significant
quantities of cobyrinic acid a,c-diamide (13.6 and 3.5%,
respectively, of the amount of cobalamin produced by the
parent strain). No other cobalamin precursor was detected.
The purified protein appeared to catalyze the four-step

amidation sequence of reactions from cobyrinic acid a,c-
diamide to cobyric acid, acting on coenzyme forms of

substrates only and using glutamine as the amide donor.
Therefore the enzyme is a glutamine amidotransferase and
must be classified as 5'-deoxy-5'-adenosylcobyrinic acid
a,c-diamide:L-glutamine amido-ligase (or, more simply,
Ado-cobyric acid synthase [glutamine hydrolyzing]) (21).
The enzyme exhibited several properties common to glu-
tamine amidotransferases (23). It was sensitive to oxydation,
and the glutamine amide transfer activity was lost if a
reducing agent was not included in all buffers. Moreover, the
enzyme could utilize ammonia in place of glutamine.
The positions of amide groups in triamide, tetraamide, and

pentaamide derivatives of cobyrinic acid were not deter-
mined. However, at each amidation stage the compound
obtained was homogeneous when analyzed by HPLC (Fig.
3). Previous work in this laboratory has demonstrated the
very high resolving power of this HPLC system. For in-
stance, all of the monoacetamide and diacetamide deriva-
tives of cobyrinic acid are completely separated in this
system, and retention times of cobyrinic acid a,c,g-triamide
and cobyrinic acid triamide isolated from P. denitrificans
have been shown to be quite different (5). Therefore, the
remote possibility that cobyrinic acids triamide, tetraamide,
and pentaamide from P. denitrificans are mixtures of iso-
mers that are not separated at all in our HPLC system is very
unlikely. This conclusion strongly suggests that the amida-
tions from cobyrinic acid a,c-diamide to cobyric acid follow
only one reaction sequence in a specific order. However,
this order was not determined. This study also established
that g is not the first carboxyl group to be amidated by
cobyric acid synthase and strengthened the view that the
(R)-1-amino-2-propanol group is incorporated only after
completion of all of the other amidations.
One may argue however, that the pattern of corrinoid

accumulation in P. denitrificans could be interpreted in the
opposite manner. Let us assume, as illustrated in Fig. 2, that
cobyrinic acid a,c-diamide is the natural substrate for the
aminopropanol-inserting activity and that the resulting co-
binic acid a,c-diamide is amidated into cobinamide by the
product of the cobQ gene far more efficiently than the
corresponding aminopropanol-free corrinoid. In this in-
stance, the absence of accumulation of cobinic acid deriva-
tives would indicate that the insertion of the aminopropanol
group actually takes place in the very early stages of the
amidation sequence. This possibility was clearly ruled out by
(i) preliminary biochemical studies on the aminopropanol-
inserting enzyme system (3) and (ii) the fact that in such a

case, mutants G624 and G626 complemented by the cobQ
gene would be expected to accumulate cobinic acid a,c-
diamide instead of cobyrinic acid a,c-diamide (see above).
Conversely, mutants G634 and G643, which are comple-
mented by cobD and cobC, respectively, and blocked in the
aminopropanol-inserting reactions, have been shown to ac-
cumulate cobyric acid (8), as expected in the case of a late
(R)-l-amino-2-propanol insertion.
From knowledge gained during studies of cobyrinic acid

a,c-diamide synthase (11) and cobyric acid synthase, the
sequence of amidations and adenosylation of the corrin
macrocycle in P. denitrificans in vivo appears to be much
simpler than that suggested by Bernhauer et al. for P.
shermanii (2) for the following reasons. (i) Only two en-
zymes are required for the whole set of amidations, the first
one carrying amidation at position c followed by a and the
second one at positions b, d, e, and g. (ii) The four last
amidations are carried out in a specific order (which was not
determined). (iii) Insertion of the Ado group presumably
takes place at the stage of cobyrinic acid a,c-diamide. Our
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study of P. denitrificans cob(I)alamin adenosyltransferase
fully confirmed this latter conclusion (10). The obligatory
role of cobyric acid in cobalamin biosynthesis (Fig. 2)
claimed by Friedrich is not rigorously proved yet but is
strongly suggested, since no partially amidated corrinoids
with the (R)-l-amino-2-propanol have been detected in P.
denitrificans. Enzymatic studies on this (R)-l-amino-2-pro-
panol-inserting enzyme system are now in progress.
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