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Open reading frame (ORF) Mm2058 of the methanogenic archaeon Methanosarcina mazei strain Gol was
shown in vivo and in vitro to encode the nonorthologous replacement of the a-ribazole-phosphate phosphatase
(CobC; EC 3.1.3.73) enzyme of Salmonella enterica serovar Typhimurium LT2. Bioinformatics analysis of
sequences available in databases tentatively identified ORF Mm2058, which was cloned under the control of an
inducible promoter and was used to support growth of an S. enferica strain under conditions that demanded
CobC-like activity. The Mm2058 protein was expressed with a decahistidine tag at its N terminus and was
purified to homogeneity using nickel affinity chromatography. High-performance liquid chromatography fol-
lowed by electrospray ionization mass spectrometry showed that the Mm2058 protein had phosphatase activity
that converted a-ribazole-5'-phosphate to a-ribazole, as reported for the bacterial CobC enzyme. On the basis
of the data reported here, we refer to ORF Mm2058 as cobZ. We tested the prediction by Rodionov et al. (D. A.
Rodionov, A. G. Vitreschak, A. A. Mironov, and M. S. Gelfand, J. Biol. Chem. 278:41148-41159, 2003) that ORF
HSL01294 (also called Vngl1577) encoded the nonorthologous replacement of the bacterial CobC enzyme in the
extremely halophilic archaeon Halobacterium sp. strain NRC-1. A strain of the latter carrying an in-frame
deletion of ORF Vngl1577 was not a cobalamin auxotroph, suggesting that either there is redundancy of this

function in Halobacterium or the gene was misannotated.

Cobalamin (Cbl; also called B,,) is a cobalt-containing cyclic
tetrapyrrole whose synthesis requires a great deal of genetic
information (18, 20). Cbl is an essential nutrient for many
organisms, including humans; however, its biosynthesis is re-
stricted to bacteria and archaea (19, 22, 27, 29, 30). Although
most of our current knowledge of how Cbl is assembled comes
from research using bacterial systems (reviewed in references 6
and 27), important differences in corrinoid salvaging and in the
late steps of the pathway in archaea have been reported (25,
28-30) (Fig. 1).

Bioinformatics analysis of available genome sequences, such
as the one performed by Rodionov et al. (18), serve as tools to
predict, based on homology, which organisms may have the
capacity to synthesize Cbl and what the underpinning biochem-
istry may be. In some cases, however, when no orthologous
genes are identified, the existence of new enzymes catalyzing
similar reactions (25, 29) or new enzymes comprising new
pathways is plausible (28, 30). The availability of genetic sys-
tems like the one in Salmonella enterica greatly facilitates the
search for nonorthologous replacement functions using in vivo
genetic screens or selections aimed at restoring growth by
plasmid-encoded archaeal enzymes.

The absence of an ortholog of the S. enterica cobC gene in
sequenced archaeal genomes suggested that either archaea use
an enzyme of distinct evolutionary origin to dephosphorylate
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a-ribazole-5'-phosphate (a-RP) or the latter is not the sub-
strate for the archaeal enzyme. In S. enterica, the product of
the CobC reaction (EC 3.1.3.73) (a-ribazole [a-R]) is the co-
substrate of the cobalamin synthase (CobS; EC 2.7.8.26) en-
zyme. The bioinformatics analysis by Rodionov et al. identified
a putative gene (referred to as cobZ) which they proposed
encoded the nonorthologous replacement of the bacterial
CobC enzyme in all archaeal genomes except Sulfolobus
solfataricus and Thermoplasma spp., which have an apparent
cobC ortholog, and Archaeoglobus fulgidus and Halobacterium
spp., which do not have a cobC ortholog (18). It was suggested
that in Halobacterium sp. strain NRC-1, open reading frame
(ORF) HSL01294 (Vngl577) encoded the nonorthologous re-
placement of CobC. To date, no experimental evidence sup-
porting the involvement of the hypothetical CobZ or Vng1577
protein in cobamide synthesis has been reported.

A role for the Halobacterium sp. strain NRC-1 ORF Vng1577
gene product in cobalamin synthesis (if any) is not discernible.
We tested whether a function encoded by ORF Vngl577 of
Halobacterium sp. was required for Cbl synthesis in this ar-
chaeon. For this purpose, an in-frame deletion of ORF Vngl577
was constructed using reported methodology and verified by
DNA sequencing using BigDye (ABI PRISM) protocols (Bio-
technology Center, University of Wisconsin—Madison) (17,
30). Deletion of ORF Vng1577 (strain JE6693; Table 1) did not
cause any discernible Cbl phenotype (data not shown), sug-
gesting either that the protein encoded by ORF Vngl577 was
not involved in de novo Cbl biosynthesis or that redundant
functions exist in Halobacterium sp. strain NRC-1. We also
investigated whether the putative Vngl577 protein was in-
volved in salvaging the precursor cobyric acid (Cby) or co-
binamide (Cbi) (30). JE6792, a strain of Halobacterium sp.
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FIG. 1. Late steps in corrin ring biosynthesis in Salmonella enterica. Shown is a model of the enzymatic reactions needed for nucleotide loop assembly
in S. enterica. Shown are the enzymes, substrates, and intermediates in the pathway. Abbreviations: AdoCby, adenosylcobyric acid; AdoCbi, adeno-
sylcobinamide; AdoCbl, adenosylcobalamin; a-DAD, «-5,6-dimethylbenzimidazole adenine dinucleotide; Nm, nicotinamide; AP, aminopropanol;
AP-P, aminopropanol phosphate; CbiB, putative AdoCbi-phosphate synthase; CobU, AdoCbi kinase and guanylyltransferase; CobT, NaMN:5,6-
dimethylbenzimidazole phosphoribosyltransferase; CobS, adenosylcobalamin synthase; CobC (CobZ in M. mazei), a-ribazole-phosphate phosphatase; CbiZ,

amidohydrolase. Archaeal enzymes are boxed.

strain NRC-1 carrying a block in de novo corrin ring bio-
synthesis and a chromosomal in-frame deletion of ORF
Vngl577 (AVngl577-1 AcbiPl), grew when the medium was
supplemented with Cby or Cbi, indicating that the putative

TABLE 1. Strains and plasmids”

Reference or

Strain or plasmid
source

Relevant genotype

Salmonella enterica

TR6583, formerly metE205 ara-9 K. Sanderson

SA2929 via J. Roth

Derivatives of TR6583

JE2192 cobT109::MudI1734° (lacZ* kan*)  Laboratory

cobC1175::Tnl10d16d17 (tet™") collection

JE7493 JE2192/pCOBZ2

JE7404 JE2192/pJO46

JE7403 JE2192/pT7-7

JE7492 JE2192/pT7-5
Escherichia coli

BL21 ADE3 Pr.curs-T7 RNA polymerase Novagen
Plasmids

pCOBZ1 M. mazei G61 cobZ™ in pET-16b

pCOBZ2 M. mazei Go1 cobZ" in pT7-7 bla™

pJO46 cobC* in pT7-5 bla* 15

pT7-5, pT7-7 Cloning vectors bla™ 23

pET-16b Cloning vector bla* Novagen
Halobacterium sp.

strains
JE6693 Aura-3 AVngl577-1
JE6792 Aura-3 AVngl577-1 AcbiPl

“ All S. enterica strains used in these studies carry a null allele of the metE gene
(16), making growth of the cell dependent on the activity of the Cbl-dependent
methionine synthase (MetH) enzyme (9, 10, 24). No-carbon E (NCE) medium
(2) was used as minimal medium. When added, the following supplements were
at the indicated concentrations: glucose, 11 mM; MgSO,, 1 mM; corrinoids
(cobyric acid, cobinamide, cobalamin), 10 nM; 5,6-dimethylbenzimidazole
(DMB), 0.3 mM; and trace minerals, 10 ml/liter (1). All cobyric acid (Cby), Cbi,
and Cbl (Sigma) were added in their cyano forms; DMB was purchased from
Aldrich. Nutrient broth (NB; Difco Laboratories) (0.8%, wt/vol) containing
NaCl (85 mM) was used as rich medium to culture S. enterica strains; lysogeny
broth (LB) (3, 4) was used as rich medium to culture E. coli strains. Strains and
plasmids were constructed during the course of this work unless stated otherwise.

> The MudI1734 element is described elsewhere (8).
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FIG. 2. CobZ compensates for the lack of CobC during Cbl-depen-
dent growth of a S. enterica cobC strain. Plasmid pMmcobZ™ (pCOBZ2)
contained a wild-type allele of M. mazei strain G6l cobZ"* gene (ORF
Mm?2058; hypothetical protein, accession no. NP_634082) under the con-
trol of the T7 promoter and ribosome-binding site present in vector pT7-7
(23). The 5" primer MM2058-5"-Ndel (5'-CATATGCATATGAAGTTA
TCAGATATTGAGGA-3'; restriction enzyme site is underlined) and the
reverse primer MM2058-3'-BamHI (5'-CATTATGTACCGCCGGATC
CTCAGTCTTTTCTTT-3") were used to amplify a 569-bp fragment from
M. mazei genomic DNA. The resulting product contained an ATG initi-
ation codon instead of the original TTG start site. The amplified fragment
was cut with Ndel/BamHI restriction enzymes, gel purified, and cloned
into the Ndel/BamHI restriction site of the cloning vector pT7-7. Cbl-
dependent growth was assessed in minimal medium supplemented with
glucose, Cbi, and DMB. The following plasmids were introduced into
strain JE2192 (cobC cobT): VOCs (vector-only controls), plasmids pT7-7
and pT7-5; plasmid pSecobC* (pJO46); and plasmid pMmcobZ*
(pCOBZ2). Growth at 37°C with continuous shaking (19 Hz) was moni-
tored using an EL808 UltraMicroplate Reader (BioTek Instruments).
Plasmids were introduced into S. enterica by electroporation (14). S. en-
terica strains were grown to full density (2 X 10° CFU/ml) in nutrient
broth supplemented with ampicillin (Ap; 100 pg/ml) to ensure that plas-
mids were maintained.
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FIG. 3. CobZ protein dephosphporylates o-RP. Shown are the high-pressure liquid chromatograms of CobZ reactions. A. Reaction mixture
containing heat-inactivated CobZ enzyme; B. CobZ reaction. a-RP and a-ribazole eluted 19 and 35.5 min after injection, respectively. The inset
in panel B shows the electrospray ionization mass spectrometry spectrum (positive ionization mode) of the reaction product. The signals with m/z
values 0of 279.6 (M + 1) and 147.4 (M + 1) were consistent with the molecular masses of a-ribazole and DMB, respectively. Substrate and products
of the CobZ reaction were filtered using a Spin X centrifuge tube filter (Corning) and analyzed by reverse-phase high-pressure liquid chroma-
tography as described previously (12, 26). Phosphatase activity was measured in reaction mixtures (100 wl) containing a-RP (40 nmol), in 30 mM
Tris-HCI buffer (pH 8) containing MgCl, (9 mM) and KCI (0.1 M), and in homogeneous H,,CobZ protein (5 pg [0.25 nmol]). Reaction mixtures
were prepared on ice, transferred, and kept in a 37°C heater for 1 h and then heated to 80°C for 10 min to terminate the reaction. Heat-inactivated
H,,CobZ protein was used as a negative control, and shrimp alkaline phosphatase (Promega) was used as a positive control. High-performance
liquid chromatography-purified product of the CobZ reaction was dried under vacuum using a SpeedVac concentrator (Savant) prior to mass
spectrometry analysis at the MS Facility at the University of Wisconsin-Madison Biotechnology Center. Mass spectra were obtained using a

Perkin-Elmer Sciex API365 mass spectrometer. f.w., formula weight.

Vngl1577 gene product did not have a role in the conversion of
either one of these precursors to cobalamin or that redundant
precursor-salvaging functions exist in this archaeon.

ORF Mm2058 of the methanogenic archaeon Methanosar-
cina mazei strain G61 encodes a protein with a-ribazole-5'-
phosphate phosphatase activity. We investigated the possibility
that the putative cobZ gene encoded the archaeal nonortholog-
ous replacement of the bacterial CobC enzyme. We chose the
putative cobZ gene (ORF Mm2058) of M. mazei G61 because
in the past we successfully expressed Cbl biosynthetic genes
from this archaeon in Salmonella enterica (28).

i. In vivo studies. Using standard recombinant DNA tech-
niques, we cloned the wild-type allele of ORF Mm2058 (cobZ)
from M. mazei into plasmid pT7-7 and used the resulting plas-
mid (pCOBZ2 MmcobZ™") in complementation studies. We
introduced plasmid pCOBZ2 into a cobC cobT S. enterica
strain to ask whether CobZ would restore Cbl biosynthesis
from Cbi and 5,6-dimethylbenimidazole (DMB) in this strain.
The effect of the lack of CobC activity on nucleotide loop
assembly from Cbi and DMB is best assessed in a genetic
background that lacks NaMN:DMB phosphoribosyltransferase

(CobT; EC 2.4.2.21) activity (15). In such a genetic back-
ground, the ability of the cobC cobT strain (JE2192; Table 1) to
assemble the nucleotide loop is substantially impaired relative
to the cobC cobT pSecobC™" strain (Fig. 2, open versus solid
squares; Table 1, JE7404). The residual ability of strain JE2192
to assemble the nucleotide loop was due to CobB sirtuin func-
tion in the background (Fig. 2, open versus closed circles). As
expected, a cobC cobT strain harboring an empty vector
(JE7403 and JE7492; Table 1) made Cbl from Cbi and DMB,
but the growth kinetics was very different from that of cultures
of the cobC cobT strain harboring a plasmid carrying the wild-
type allele of the S. enterica cobC gene or the M. mazei cobZ
gene (Fig. 2, open versus solid squares and open versus solid
triangles). This was strong in vivo evidence supporting the
conclusion that the archaeal CobZ function compensated for
the lack of CobC during the assembly of the nucleotide loop in
the cobC S. enterica strain.

ii. In vitro studies. To provide in vitro support for the
complementation studies described above, the cobZ™ allele of
M. mazei was cloned into vector pET-16b to direct the synthe-
sis of a CobZ protein with a decahistidine tag fused to its N
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terminus (H,,CobZ; plasmid pCOBZ1). We purified
H,,CobZ protein using an AKTA explorer (Amersham Phar-
macia Biotech) fast protein liquid chromatography system
equipped with a prepacked nickel-affinity chromatography Hi-
Trap chelating column (Amersham Pharmacia Biotech). The
column was developed with a linear gradient of 1X binding
buffer (20 mM phosphate, 0.5 M NaCl, pH 7.4 to 7.6) contain-
ing increasing amounts of imidazole (from 10 to 500 mM).
After purification, H,,CobZ protein was dialyzed using snake-
skin-pleated dialysis tubing with a molecular weight cutoff of
10,000 (Pierce) at 4°C against 1 liter of 50 mM PIPES buffer,
pH 6.8, containing EDTA (5 mM). Purification of the
H,,CobZ protein was monitored using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (11), and protein was visu-
alized by staining gels with Coomassie blue (21); protein con-
centration was determined as described previously (5). Highly
purified H;,CobZ protein (>98% homogeneity; data not
shown) was incubated with a-RP, and product formation was
monitored by reverse-phase high-performance liquid chroma-
tography. As shown in Fig. 3, CobZ dephosphorylated a-RP
into a-R, whose identity was confirmed using electrospray ion-
ization mass spectrometry (Fig. 3B, inset, m/z = 279.6), by its
UV-visible spectrum (data not shown) (7, 13), and by the
retention time of a-R (35.5 min) generated by incubating a-RP
with alkaline phosphatase (data not shown).

Conclusions. We have identified the archaeal gene encoding
the nonorthologous replacement of the bacterial CobC enzyme
(EC 3.1.3.73), which dephosphorylates a-ribazole-5"-phosphate
(a-RP) to yield a-ribazole (a-R) during the late steps of cobal-
amin biosynthesis. The gene encoding the archaeal a-ribazole-5'-
phosphate phosphatase is cobZ. These studies illustrate the pos-
itives and negatives of gene annotation without experimental
support. The experimental data do not support the assignment of
ORF HSLO01294 in Halobacterium spp. as the gene encoding the
nonorthologous replacement of CobC. In contrast, such a predic-
tion is supported by the data in the case of ORF Mm2058 in
Methanosarcina mazei Go1. We suggest that, to avoid confusion,
genes be named only when experimental support for the function
of the encoded protein exists.
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