
Selective Utilization of Benzimidazolyl-Norcobamides as
Cofactors by the Tetrachloroethene Reductive Dehalogenase
of Sulfurospirillum multivorans

Sebastian Keller,a* Cindy Kunze,a* Martin Bommer,b* Christian Paetz,c Riya C. Menezes,d Aleš Svatoš,d Holger Dobbek,b

Torsten Schuberta

aDepartment of Applied and Ecological Microbiology, Institute of Microbiology, Friedrich Schiller University,
Jena, Germany

bStructural Biology/Biochemistry, Department of Biology, Humboldt-Universität zu Berlin, Berlin, Germany
cResearch Group Biosynthesis/NMR, Max Planck Institute for Chemical Ecology, Jena, Germany
dResearch Group Mass Spectrometry, Max Planck Institute for Chemical Ecology, Jena, Germany

ABSTRACT The organohalide-respiring bacterium Sulfurospirillum multivorans produces
a unique cobamide, namely, norpseudo-B12, which serves as cofactor of the tetrachlo-
roethene (PCE) reductive dehalogenase (PceA). As previously reported, a replacement of
the adeninyl moiety, the lower base of the cofactor, by exogenously applied 5,6-
dimethylbenzimidazole led to inactive PceA. To explore the general effect of benzimida-
zoles on the PCE metabolism, the susceptibility of the organism for guided biosynthesis
of various singly substituted benzimidazolyl-norcobamides was investigated, and their
use as cofactor by PceA was analyzed. Exogenously applied 5-methylbenzimidazole (5-
MeBza), 5-hydroxybenzimidazole (5-OHBza), and 5-methoxybenzimidazole (5-OMeBza)
were found to be efficiently incorporated as lower bases into norcobamides (NCbas).
Structural analysis of the NCbas by nuclear magnetic resonance spectroscopy uncovered
a regioselectivity in the utilization of these precursors for NCba biosynthesis. When
5-MeBza was added, a mixture of 5-MeBza-norcobamide and 6-MeBza-norcobamide was
formed, and the PceA enzyme activity was affected. In the presence of 5-OHBza, almost
exclusively 6-OHBza-norcobamide was produced, while in the presence of 5-OMeBza,
predominantly 5-OMeBza-norcobamide was detected. Both NCbas were incorporated
into PceA, and no negative effect on the PceA activity was observed. In crystal structures
of PceA, both NCbas were bound in the base-off mode with the 6-OHBza and 5-OMeBza
lower bases accommodated by the same solvent-exposed hydrophilic pocket that har-
bors the adenine as the lower base of authentic norpseudo-B12. In this study, a selective
production of different norcobamide isomers containing singly substituted benzimida-
zoles as lower bases is shown, and unique structural insights into their utilization as co-
factors by a cobamide-containing enzyme are provided.

IMPORTANCE Guided biosynthesis of norcobamides containing singly substituted ben-
zimidazoles as lower bases by the organohalide-respiring epsilonproteobacterium Sulfu-
rospirillum multivorans is reported. An unprecedented specificity in the formation of
norcobamide isomers containing hydroxylated or methoxylated benzimidazoles was
observed that implicated a strict regioselectivity of the norcobamide biosynthesis in
the organism. In contrast to 5,6-dimethylbenzimidazolyl-norcobamide, the incorpora-
tion of singly substituted benzimidazolyl-norcobamides as a cofactor into the tetra-
chloroethene reductive dehalogenase was not impaired. The enzyme was found to
be functional with different isomers and not limited to the use of adeninyl-
norcobamide. Structural analysis of the enzyme equipped with either adeninyl- or
benzimidazolyl-norcobamide cofactors visualized for the first time structurally differ-
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ent cobamides bound in base-off conformation to the cofactor-binding site of a
cobamide-containing enzyme.

KEYWORDS benzimidazoles, corrinoid-containing enzymes, reductive dehalogenase,
vitamin B12

Prokaryotes produce structurally different cobamides (Cbas; analogs of vitamin B12),
but little is known about their selective or nonselective utilization as cofactors in

cobamide-dependent enzymes, such as the reductive dehalogenases (RDases) (1–3).
Cbas are composed of a contracted tetrapyrrole ring system harboring a cobalt ion as
central atom (4). In addition to the four equatorial nitrogens of the pyrrole ring system,
the cobalt is bound by two axial ligands (“upper” and “lower” ligands). Cbas vary in their
structure by harboring different lower bases, either purines or benzimidazoles, which
can be replaced by phenols (5). Purines or benzimidazoles can serve as a lower ligand
to the cobalt, while phenols cannot. A 5=-deoxyadenosyl moiety, a methyl group, a
hydroxyl group, or a water molecule has been described as a natural upper ligand of
Cbas (1–3).

Cobamide-containing RDases function as terminal reductases in the membrane-
bound electron transport chain of different anaerobic bacteria, which obtain energy via
organohalide respiration (6–8). The need for Cbas as RDase cofactors in the so-called
organohalide-respiring bacteria is covered either by de novo biosynthesis or by salvag-
ing of Cbas from the surroundings (summarized in reference 9). The norpseudo-B12 of
the tetrachloroethene (PCE)-respiring bacterium Sulfurospirillum multivorans is synthe-
sized de novo, whereby norcobamide (NCba) biosynthesis is induced in the presence of
PCE (10–12). In comparison to the structure of vitamin B12, the norpseudovitamin B12

lacks the methyl group at C-176 in the linker moiety of the Cba (the prefix “nor-” refers
to this fact) and contains an adenine moiety as a lower base (13). A specific need for the
production of NCba proteins by Sulfurospirillum spp. (13, 14) has not been verified. The
results from a previous study indicated that the structure of the PCE reductive deha-
logenase (PceA) might be flexible and allow the incorporation of both NCbas and Cbas
(15). The presence of mainly Cba instead of NCba (i.e., presence of a methyl group at
C-176 of the linker moiety) did not completely diminish PceA activity in cell extracts.
However, no evidence is available for the binding and function of a standard-type Cba
containing the methyl group at C-176 in the PceA enzyme.

S. multivorans does not possess genes for benzimidazole biosynthesis (11), either for
the direct formation of 5,6-dimethylbenzimidazole (DMB) from flavin in an oxygen-
dependent reaction (16) or for the anoxic formation of DMB via 5-OHBza, 5-OMeBza,
and 5-methoxy-6-methylbenzimidazole from 5-aminoimidazole ribotide (17), an inter-
mediate of purine biosynthesis. However, exogenous DMB, which serves as a lower
base in vitamin B12, is utilized for cobamide biosynthesis by the organism. When DMB
was added to cultures of S. multivorans, it efficiently replaced the adenine in the NCba
(10). In general, various benzimidazoles are activated by the nicotinate-nucleotide:
benzimidazole/purine phosphoribosyltransferase CobT, which adds a phosphoribosyl
moiety and forms �-ribotides, prior to incorporation into Cbas (18). The relaxed
specificity of some CobT proteins allowed for the formation of uncommon 6-sub-
stituted benzimidazolyl-ribotides from singly substituted benzimidazoles, such as
5-hydroxybenzimidazole (5-OHBza) or 5-methoxybenzimidazole (5-OMeBza), which can
lead to the formation of unusual Cba isomers (19). Besides the effect of exogenous DMB
on the norcobamide biosynthesis in S. multivorans, its presence also influenced the
organism’s ability to perform organohalide respiration (10). The PCE-dependent
growth, the PceA activity, and the PceA maturation were impaired when elevated
concentrations of DMB (10 or 25 �M) were added to S. multivorans cultures. Such
negative effects on enzymatic reductive dehalogenation caused by modification of the
Cba structure have also been reported for Dehalococcoides mccartyi strains (20–23). The
obligate organohalide-respiring D. mccartyi is a Cba auxotroph (24). The dechlorination
of trichloroethene (TCE) by D. mccartyi strain 195 was dependent on the availability of
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Cbas with either DMB, 5-methylbenzimidazole (5-MeBza), or 5-OMeBza as a lower base.
Cbas with alternative lower bases, such as 5-OHBza or benzimidazole (Bza), did not
sustain TCE-dependent growth of the organism. A plausible explanation for the inhib-
itory effect might be the incompatibility of a specific lower base in the Cba cofactor
with the Cba-binding site of a particular RDase.

The lower ligand base, which is part of the Cba nucleotide loop and thereby
covalently bound to the cofactor, can be displaced from the cobalt (base-off) in the
protein-bound state. Here, an alternative lower ligand, such as a histidine residue
(base-off/His-on), often fulfills this function (25, 26). A lower ligand of the cobalt was not
detected by structural analysis of Cba cofactors bound to RDases (27, 28). The lower
base of the Cba is displaced. In the case of the two known RDase structures, coordi-
native binding of the lower base is prevented by steric hindrance. These observations
were supported by spectroscopic analyses of different RDases using electron paramag-
netic resonance spectroscopy, which also detected the Cba cofactor in the base-off
state (28–30). The nucleotide loop of Cbas is varied in structure, and this diversity might
interfere with the incorporation and correct positioning of the cofactor in Cba-
dependent enzymes. This assumption is expected to be especially relevant for RDases,
since these enzymes bind the cofactor with a network of hydrogen bonds deep inside
the protein (27, 28). In order to shed light on the functionality of a single RDase with
different Cba cofactors, we investigated the utilization of various benzimidazolyl-NCbas
by PceA of S. multivorans and analyzed the similarities or variations in binding an NCba
harboring either a purine or a benzimidazole as lower base on a structural level.
Thereby, we identified PceA of S. multivorans as an NCba-containing protein function-
ing with both purinyl- and benzimidazolyl-NCbas but with limited ability to incorporate
NCbas containing methylated benzimidazoles as a lower base. Furthermore, we found
evidence for an unusually strict regioselectivity of the S. multivorans NCba biosynthetic
machinery that is controlled by the type of substituent present in singly substituted
benzimidazoles.

RESULTS AND DISCUSSION
Guided biosynthesis of benzimidazolyl-NCbas. In order to test the utilization of

various exogenous benzimidazoles as lower bases for the production of NCbas (Fig. 1A),
S. multivorans was cultivated in the presence of DMB, 5-MeBza, Bza, 5-OHBza, or
5-OMeBza, and the NCbas were extracted. The incorporation efficiencies of all benz-
imidazoles were tested by analyzing the NCba fractions purified from cells cultivated in
the presence of different concentrations of the lower-base precursors (Fig. 1B). The total
amount of NCba extracted from cells cultivated in the presence of benzimidazoles was
not altered in comparison to untreated cells. The absolute yield was about 1 �mol
NCba per gram of cell protein used for the extraction in every case.

The extracted NCbas were applied to high-performance liquid chromatography
(HPLC) coupled to photometric detection in order to verify their homogeneity (Fig. 1C).
The addition of DMB to the growth medium resulted in the formation of nor-B12, as has
been reported previously (10). In order to identify the unknown NCbas, all samples were
analyzed using ultrahigh-performance liquid chromatography coupled with electro-
spray ionization– high-resolution mass spectrometry (UHPLC-ESI-HRMS). By applying
this technique, the efficient incorporation of all benzimidazoles as lower bases into the
nucleotide loop of the NCbas produced by S. multivorans was confirmed, since the re-
sults are in agreement with the predicted masses (see Fig. S1 and Table S1 in the
supplemental material). All singly substituted benzimidazoles gave rise to the produc-
tion of new compounds. After three subsequent cultivations in the presence of 25 �M
exogenously applied benzimidazoles, the amount of norpseudo-B12 in the cells was
reduced to a nondetectable level (Fig. 1C). Exclusively in the case of 5-OMeBza, a
residual amount (about 10%) of norpseudo-B12 was observed. In the case of the NCba
extract obtained from cells cultivated in the presence of 5-MeBza, two NCba com-
pounds were detected in a ratio of 2:1. The two NCba compounds showed an identical
mass, which was attributed to MeBza-NCba. The difference in the retention times of the
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FIG 1 Guided NCba biosynthesis in S. multivorans. (A) Norpseudo-B12 cofactor. A frame marks the
adeninyl moiety in the nucleotide loop. The structures of the exogenous benzimidazoles, which were
tested in the study, are depicted. (B) Ratio between norpseudo-B12 and various benzimidazolyl-NCbas
formed in the presence of different concentrations of exogenous benzimidazoles. 5-MeBza was excluded
from the analysis of the incorporation efficiency, since the norpseudo-B12 was still present in cells
exposed to lower concentrations of exogenous 5-MeBza. The adeninyl-NCba has not been efficiently
separated from the MeBza-NCba (peak 1 in panel C) by HPLC. This circumstance made a direct

(Continued on next page)
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two isomers might be caused by a difference in the position of the methyl group of the
MeBza moiety in the NCba structure.

Doubly substituted benzimidazoles different from DMB were also tested. While in
cells cultivated in the presence of 25 �M 5,6-dinitrobenzimidazole (DNO2Bza) the
norpseudo-B12 cofactor was nearly completely replaced, in cells cultivated in the
presence of 25 �M 5,6-dimethoxybenzimidazole (DOMeBza), almost no production of
the DOMeBza-NCba was detected. Most probably due to chemical transformations of
the two NO2 groups, several NCbas were extracted from cells exposed to DNO2Bza.
Mass determination revealed that DNO2Bza-NCba was not included, which hindered
the evaluation of the effect of benzimidazoles harboring a substituent in positions 5
and 6.

The purified NCbas formed in cells cultivated in the presence of the singly substi-
tuted benzimidazoles 5-MeBza, 5-OHBza, and 5-OMeBza were further analyzed by
nuclear magnetic resonance (NMR) spectroscopy in order to identify the exact posi-
tioning of the substituents at the benzimidazoles in the NCbas. By applying NMR
techniques, the incorporation of different benzimidazoles into the NCba structure was
confirmed (Fig. 2A and S2 to S27). In theory, singly 5-substituted benzimidazoles can be
incorporated in two different orientations into the cobamide structure, which gives rise
to 5- or 6-substituted benzimidazolyl-Cbas. The determined chemical shifts in the NMR
analysis obtained for the sample prepared from 5-OHBza-treated cells allowed for the
identification of 6-OHBza-NCba, whereas in the case of the sample from 5-OMeBza-
treated cells, the formation of 5-OMeBza-NCba was proven (Fig. 2A). The NMR data
were in accordance with previously published results by Crofts and coworkers (19).
Furthermore, the position of the substituent within the lower-base structure was
determined in both NCbas obtained from 5-MeBza-treated cells, and the occurrence of
two orientations of MeBza in the nucleotide loop was assigned (Fig. 2A). The structural
differences of the four NCbas were reflected by characteristic absorbance spectra (Fig.
2B).

The specificity in the formation of 6-OHBza-NCba from 5-OHBza and of 5-OMeBza-
NCba from 5-OMeBza was an unexpected finding and adds a new facet to the unusual
nucleotide loop assembly pathway in S. multivorans (31). Earlier, Friedrich and Bern-
hauer (32) reported the extraction and identification of 5-MeBza-Cba and 6-MeBza-Cba
produced by Propionibacterium shermanii in the presence of 5-MeBza, albeit in a ratio
of 96:4, which showed a clear preference for the formation of 5-MeBza-Cba in this
organism. In Methanobacterium thermoautotrophicum, which has been shown to pro-
duce OHBza-Cba, approximately 10% of 6-OHBza-Cba was detected (33). A mixture of
Cba isomers was found in Sinorhizobium meliloti and Veillonella parvula, both cultivated
in the presence of 5-OMeBza or 5-OHBza (19, 34). However, the exclusive biosynthesis
of benzimidazolyl-Cbas with a single substituent in position 6 of the benzimidazolyl-
moiety, as shown here for S. multivorans, has not been described so far. Benzimidazoles
are channeled into the Cba biosynthetic pathway by the activity of the phosphoribo-
syltransferase CobT. It is under investigation in our laboratory whether the regioselec-
tivity of CobT from S. multivorans lays the foundation for the observed structural
diversity in the NCbas containing OMeBza or OHBza in the organism.

Effect of singly substituted benzimidazoles on PceA production. The exchange
of the adeninyl moiety in the norpseudo-B12 cofactor by DMB caused a negative effect
on the PCE-dependent growth and the biosynthesis of catalytically active PceA in S.
multivorans (10). To date, no other benzimidazoles had been tested in functional assays.

FIG 1 Legend (Continued)
quantification of the portion of MeBza-NCba impossible. The data presented in panel B were obtained
from two independent experiments. The maximal deviation is given by error bars. (C) HPLC analysis and
mass determination of NCbas extracted from S. multivorans cells cultivated in the presence of different
benzimidazoles (25 �M each). The pound sign marks the norpseudovitamin B12 in the NCba extract from
cells treated with 5-OMeBza. Singly and doubly protonated ions were detected, which were assigned to
the respective NCbas using UHPLC-ESI-HRMS (for details, see Fig. S1 and Table S1). mAU, milliabsorbance
units.
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FIG 2 Characterization of the isolated NCbas. (A) Low field range of 1H-NMR spectra of 6-OHBza-NCba,
5-OMeBza-NCba, 5-MeBza-NCba (peak 1 in Fig. 1C), and 6-MeBza-NCba (peak 2 in Fig. 1C). The depicted
sections show the signals for the respective benzimidazolyl moieties and the signal for the anomeric
position of the �-ribosyl unit. The signal marked with an asterisk belongs to position 10 of the corrin
scaffold. (B) UV/Vis-absorbance spectra of the newly purified NCbas in comparison to those of the
authentic adeninyl-NCba (norpseudovitamin B12) and the DMB-NCba (norvitamin B12).
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Thus, 5-MeBza, Bza, 5-OHBza, or 5-OMeBza (25 �M each) was added to cultures of S.
multivorans that contained pyruvate and PCE as substrates. None of the singly substi-
tuted benzimidazoles tested in this study affected the PCE-dependent growth. In order
to evaluate the impact on PceA function, the enzyme activity and protein level were
tested in crude extracts of the cells supplemented with various benzimidazoles (Fig. 3A
and B). Cultures of S. multivorans grown on PCE in the presence of the different
benzimidazoles were harvested in the late exponential-growth phase, i.e., the protein
concentration was 70 to 80 �g/ml, which was reached after 16 to 18 h of cultivation
(Fig. 3C). In the case of the DMB-containing cultures, the same growth phase was
reached after approximately 3 days of cultivation. Crude extracts were prepared, and
the specific PceA activity was measured in a photometric assay using reduced methyl
viologen as an artificial electron donor. The activity determined in cells cultivated in the
presence of either Bza, 5-OHBza, or 5-OMeBza was similar to the PceA activity moni-
tored in the nontreated S. multivorans cells (Fig. 3A). In contrast, the presence of

FIG 3 (A and B) PceA activity (A) and protein level (B) in crude extracts derived from cells grown with PCE
in the presence of different benzimidazoles (25 �M). For the immunological analysis, 5 �g of protein was
applied to each lane. The immunoblot was developed with an antiserum containing polyclonal anti-
bodies against PceA. The data for the PceA activity were obtained from three different cultures. The
standard deviation is given. prePceA, precursor with the N-terminal Tat signal peptide; PceA, processed
form without the Tat signal peptide. (C) PCE-dependent growth of S. multivorans in the presence of
5-MeBza or DMB. Cells were harvested for functional analyses in the growth phase indicated by the
dashed line.

Benzimidazolyl-Norcobamides in S. multivorans Journal of Bacteriology

April 2018 Volume 200 Issue 8 e00584-17 jb.asm.org 7

http://jb.asm.org


5-MeBza caused a substantial reduction in the enzyme activity (about 50%). This
reduction was not as high as in DMB-treated cells (about 90%) and appeared to be
sufficient for unaffected growth with PCE (Fig. 3C). It was observed before that the
growth rate of S. multivorans with PCE was not severely reduced when the PceA activity
in the cells was lowered by about 50% (15). Traces of the authentic norpseudo-B12

were not detected in cells cultivated in the presence of 25 �M 5-MeBza. Norpseudo-
B12 was neither identified in an UHPLC-ESI-HRMS analysis of the extracted NCba
fraction from such cells nor in the NMR analysis of the purified 5-MeBza-NCba.
5-MeBza-NCba showed a retention time similar to that of the adeninyl-NCba during
separation (Fig. 1C).

The reduction in PceA activity in cells cultivated in the presence of 5-MeBza might
be accompanied by a reduction in maturation and processing of the cytoplasmic PceA
precursor (prePceA), as was previously observed for DMB (10). Thus, the presence of
both forms of the enzyme was analyzed in crude extracts separated on an SDS-
PAGE gel and applied to an immunoblot developed with PceA-specific antibodies
(Fig. 3B). In comparison to the crude extract of nontreated cells, which displayed an
intense band for the mature PceA enzyme (predicted molecular mass, 53.3 kDa) and
only a thin band for the twin-arginine translocation (Tat) signal peptide-containing
prePceA (predicted molecular mass, 57.1 kDa), the amount of prePceA was in-
creased in 5-MeBza-treated cells. The total amount of the enzyme and its processing
were apparently not affected in cells cultivated in the presence of Bza, 5-OHBza, and
5-OMeBza.

The quantification of the incorporation efficiency of the DMB-NCba into PceA was
hindered in a previous study, since a sufficient amount of pure PceA enzyme was not
obtained from such DMB-treated cells (10). This difficulty and the negative effect on the
maturation of the PceA precursor under this condition indicated an improper incorpo-
ration of the DMB-NCba, containing the doubly substituted lower base, into the
enzyme. A negative effect of DMB on pceA transcription in PCE-grown cells was not
detected (Fig. S28). In contrast to the effects observed with DMB, the analysis of the
PceA activity in cells treated with 5-OHBza or 5-OMeBza showed no decrease (Fig. 3).
This result pointed toward an efficient utilization of both NCbas, 6-OHBza-NCba and
5-OMeBza-NCba, as cofactors of the PceA enzyme. Indeed, extraction of the NCbas from
PceA isolated from the respective type of cells uncovered 100% saturation of the
enzyme (1 mol cofactor per 1 mol PceA) in both cases, as well as in enzyme extracted
from 5-MeBza-treated cells (�98%), and the elution profiles of the extracted cofactors
obtained via HPLC separation (Fig. S29) mirrored the patterns observed earlier for the
NCbas extracted from whole cells (Fig. 1C). For unraveling similarities or differences in
the binding mode of the different NCba cofactors and for obtaining indications for the
exclusion of the DMB-NCba, the different PceA enzymes were crystallized and sub-
jected to structural analysis. For crystallization, PceA was purified from the mem-
brane fraction that contained only the processed form of the enzyme without the
Tat signal peptide. Crystals of PceA suitable for X-ray scattering and structural
analysis were exclusively obtained for the enzyme purified from cells treated with
5-OHBza or 5-OMeBza. Two crystallographic data sets in high resolution (dmin � 1.6
Å) were recorded (Table S2). The inability of the PceA sample equipped with the
mixture of the two MeBza-NCba isomers to form suitable crystals might indicate
the presence of misfolded PceA. This assumption was supported by the fact that the
specific activity of PceA purified from cells cultivated in the presence of 5-MeBza
was about 50% lower than that of the PceA purified from cells treated with 5-OHBza
or 5-OMeBza.

Structural details on NCba cofactor binding. In both known RDase structures (27,
28), the Cba cofactor is deeply buried within the protein. Access to the upper (i.e., the
�-face) of the corrin ring within the substrate-binding pocket of PceA is controlled by
the protein structure. The nucleotide loop of the adeninyl-NCba (norpseudo-B12) in
PceA is positioned in the base-off conformation (Fig. 4A). The unusual curled confor-
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mation of the tail is stabilized by intramolecular interactions in the form of hydrogen bonds
between O-5 of the ribosyl moiety (for numbering of the atoms in norpseudo-B12, see
reference 13), the linker amide, and the carboxamide side chain connected to ring C of the
corrin core (27) (Fig. 4B to F). These stabilizing interactions are conserved in both the PceA
equipped either with 6-OHBza-NCba or with 5-OMeBza-NCba. Another intramolecular
hydrogen bond connects the amino group of the adenine and O-2 of the ribosyl moiety

FIG 4 NCba cofactor binding in PceA. (A) Slice through a monomer of PceA showing the cofactor positioning. The upper side (�-face) of
the corrin ring is accessible to solvent via the active-site pocket and the substrate channel. The lower side (�-face) of the corrin ring is
isolated by the loop at Tyr 369 and Gly293 and faces the “curl” in the linker of the NCba cofactor (see panel C). The curl is stabilized by
hydrogen bonds. The cavity formed by these structural elements contains a single water molecule (W1). The lower base of the NCba
cofactor is displaced from the corrin ring and accessible to solvent. (B) View from below onto the 6-OHBza base. Residues from the
B12-binding core of PceA (residues 139 to 163 and 216 to 323, purple) and a loop from the iron-sulfur cluster-binding unit (residues 324
to 394, orange) sandwich the base. The view is rotated compared to all other panels. (C) Overlay of the three PceA bound cofactors shown
in panels D to F. The single water molecule near the lower face is within hydrogen-bonding distance to the ribose and a carboxamide
side chain of the cofactor but not a ligand to Co (3.6-Å distance). Colored arrows indicate the displacement of water molecules by the
different base substituents. (D to F) Structures of PceA equipped with NCbas containing either adenine (27), 6-OHBza, or 5-OMeBza as
lower bases (ball and stick models). Lys362 and Gln364 side chains from the cluster-binding unit are in front of the view, where their
position is indicated by boxes. Lys362 is within hydrogen-bonding distance of the imidazole moiety in all three bases (dashed lines).
Structural changes in the base are accommodated by changes in the positioning of the surrounding water molecules. Electron density
maps are shown for the base only (blue 1 � 2Fo-Fc map and green 2.5 � Fo-Fc difference maps calculated in the absence of the hydroxyl
(E) or methoxy (F) group).
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only in the adeninyl-NCba (Fig. 4D). The base is placed between the NCba-binding core of
PceA (purple in Fig. 4) and a loop from the region binding the iron-sulfur clusters (27) (Fig.
4B). Lys362 from this loop is within hydrogen-bonding distance of both the base and the
phosphate. Gln364 reaches across the base, and hydrogen bonds to O-2 of the sugar. Thus,
intramolecular and protein interactions effectively lock the position of the base, and this is
reflected by the conserved position observed for both benzimidazole-containing NCbas
(Fig. 4C to F). In PceA but not in the structure of the RDase NpRdhA from Nitratireductor
pacificus (28), a solvent channel reaches from the protein surface to the far end of the base.
The amino group and N-1 of the adeninyl base are in hydrogen-bonding distance to water
molecules (Fig. 4D). The three different substituents on the various bases, namely, the
amino group of the adeninyl moiety (Fig. 4D), the hydroxyl group of the 6-OHBza moiety
(Fig. 4E), and the methoxy group of the 5-OMeBza moiety (Fig. 4F), are accommodated by
a change in the water structure rather than a change in the position of the base or a
reorientation of surrounding side chains (Fig. 4C to F). The closest interactions between the
new substituents were seen between Ala289 and the 6-OHBza moiety (3 Å) and between
Ile22 of the N-terminal loop region and the 5-OMeBza moiety (3.5 Å). A substitution at a
position other than C-5 or C-6 may not be possible without a change in the protein scaffold.
Given the positioning of the 6-OHBza and 5-OMeBza moieties in PceA, no interference with
the protein would be expected with a hypothetical MeBza or DMB as a lower base. Hence,
the static folded structure cannot fully explain the apparent lack of functionality of the
MeBza-NCba and the DMB-NCba. The unique feature of PceA is the solvent-accessible and
water-bound base. Such solvation might play a role in cofactor acquisition and correct
functional folding of both the PceA enzyme and cofactor.

Since 5-OHBza and 5-OMeBza incorporated as lower bases in 6-OHBza-NCba or
5-OMeBza-NCba were functional in the enzyme, it is hard to conclude which isomer of
MeBza-NCba causes PceA malfunction. In the case of the MeBza-NCbas, the incorpo-
ration did not appear to be hindered, since both isomers, the 5-MeBza- and the
6-MeBza-containing variant, were detected in the enzyme (Fig. S29), and the cofactor
incorporation efficiency was nearly 100%. However, the enzyme activity of the pool of
PceA molecules was reduced, and the difficulties observed in crystallization of purified
PceA indicated the heterogeneity of the sample. Crystallization of 5-MeBza and
6-MeBza NCba-containing PceA resulted in a different crystal packing in which the base
could not be fully resolved; thus, its detailed structure remains unknown. In the case of
DMB, the respective NCba was most probably even excluded from the incorporation
into PceA (see also reference 10). However, also the incompatibility of DMB as a lower
base might not be due to steric hindrance inside the binding pocket. No structural
incompatibilities between the substituents of the benzimidazole moiety and the pro-
tein environment were identified. Hence, it has to be assumed that the lower-base
substitution pattern might interfere with the folding process rather than with the
dimensions of the binding pocket present in the fully folded enzyme.

Whether the cofactor has to attain a specific conformation prior to the incorporation
into the enzyme and whether this might be differentially affected in the various
benzimidazolyl-NCbas tested here remain elusive. Here, the hydrophobic methyl groups
in DMB-NCba and both MeBza-NCbas could interfere with the incorporation process. The
lower base of the NCba cofactor in PceA is placed in a solvent-flooded cavity, which might
be incompatible with the hydrophobic character of the methylated benzimidazoles. The
DMB of the Cba cofactor in NpRdhA is protected from solvent (28), which could result in a
different preference for alternative Cba cofactors.

Not all RDases seem to bind the Cba cofactor in the base-off mode. As reported for the
reconstituted VcrA of D. mccartyi strain VS, the DMB-containing Cba cofactor showed that
the lower ligand bound to the cobalt also in the enzyme-bound state (35). In addition, other
RDases show different preferences in the type of lower base in the Cba cofactor from that
of PceA of S. multivorans (20–23). It is conceivable that the evolution of RDases, especially
those present in cobamide-auxotrophic organohalide-respiring bacteria, was influenced by
the cobamides present in the surrounding environment. However, a general rule for the
cofactor compatibility of RDases cannot be derived from the data available at the moment,
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and whether other proteins are involved in RDase cofactor selectivity is not known. The role
of chaperones in the Cba cofactor incorporation has not been investigated so far. Specific
chaperones, such as RdhT homologues (36, 37), are not found in S. multivorans and have
not been identified in D. mccartyi. Padovani and coworkers reported the transfer of the Cba
cofactor to the methylmalonyl coenzyme A (methylmalonyl-CoA) mutase to be mediated
by the adenosyltransferase (ATR) (38). An ATR homologue is not present in S. multivorans.
Since the NCba cofactor of PceA is catalytically active without the 5=-deoxyadenosyl-moiety,
this gene function is dispensable in the organism.

It was observed earlier that the structure of the lower base has an effect on the ratio
between the base-off and the base-on forms of Cbas in solution. This might influence
the incorporation efficiency, especially when the Cba cofactor has to obtain its base-off
conformation prior to the assembly with the RDase apoprotein. Fieber and coworkers
showed the adenine-containing pseudocoenzyme B12 having a higher tendency to
occur in base-off form in solution than that of the DMB-containing coenzyme B12 (39).
Even between structural isomers, the tendency to obtain the base-off conformation
differs. A lower pKa value for 5-OMeBza-Cba than that for 6-OMeBza-Cba was reported
(19). However, a systematic analysis of the impact of all potential lower bases on the
constitution of the cofactor under physiological conditions is not available. A cooper-
ative process including PceA folding and structural adaptation of the NCba cofactor
that lead to the final constitution of the enzyme-cofactor complex cannot be excluded.
Reconstitution experiments with the apoprotein of PceA, which would help to analyze
the compatibility of the unfolded protein with different NCba/Cba cofactors, were not
successful or have not been tried with NCbas containing lower bases different from
DMB. These efforts are going to be intensified in future studies.

MATERIALS AND METHODS
Cultivation of bacteria. Sulfurospirillum multivorans DSMZ 12446 was cultivated as described

previously by Keller et al. (10). Anoxic and sterile stock solutions of the different benzimidazoles (up to
4 mM) were prepared in ultrapure water and used for amendment of the media prior to the inoculation.
All benzimidazole derivatives were purchased from Sigma-Aldrich (Munich, Germany), except for
5-OHBza, which was delivered by Combi-Blocks, Inc. (San Diego, CA), and DNO2Bza, which was purchased
from Santa Cruz Biotechnology (Dallas, TX). Cells of S. multivorans were adapted to the different
cultivation conditions in two subsequent precultures prior to the cultivation of cells for growth moni-
toring, PceA activity measurements, or cobamide extraction. The inoculum was 10%. The cells were
transferred when the culture without the amendment of benzimidazoles reached the maximal optical
density (OD). In every case, the first preculture was inoculated from a pyruvate-PCE-grown culture of S.
multivorans routinely prepared for strain maintenance.

Measurement of PceA activity, immunoblot, cobamide extraction, and HPLC analysis. The
production of cell extracts and the determination of the PceA enzyme activity in crude extracts from S.
multivorans cells were performed as described previously (10). This also applies to the immunological
detection of PceA in cell extracts. The norcobamide (NCba) extraction and analysis were conducted in
accordance to a protocol published earlier (10). The cells were cultivated in pyruvate/fumarate-
containing medium. The mobile phases used for separation of the NCbas via high-performance liquid
chromatography (HPLC) were 12% methanol– 0.2% acetic acid (solvent A) and 99.8% methanol– 0.2%
acetic acid (solvent B). The flow rate was 0.5 ml/min, and the separation was performed isocratically at
30°C. The NCbas were purified finally via solid-phase extraction on a Chromabond HR-X column (3 ml,
200 mg; Macherey-Nagel, Düren, Germany), according to the manufacturer’s instructions. The UV-Vis
absorbance spectra of the purified NCbas were recorded with a Cary 100 UV-visible spectrophotometer
(Agilent Technologies, Waldbronn, Germany).

UHPLC-ESI-HRMS. For UHPLC, an Ultimate 3000 series rapid-separation liquid chromatography
(RSLC; Dionex, Sunnyvale, CA) was used, applying an Acclaim C18 column (150 by 2.1 mm, 2.2-�m
particles with 120-Å pore diameter; Dionex), with a flow rate of 300 �l/min in a binary solvent system
of water (solvent A) and acetonitrile (hypergrade for LC-MS; Merck, Darmstadt, Germany) (solvent B),
both containing 0.1% (vol/vol) formic acid (eluent additive for LC-MS; Sigma-Aldrich, Munich,
Germany). Sample volumes were loaded onto the column and eluted by using a gradient as follows:
linear increase from 0% B to 100% B within 15 min, to 100% B constant for 5 min, and to
equilibration time at 0% B for 5 min. This system was coupled to a LTQ-Orbitrap XL mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany). Ionization was accomplished using
electrospray ionization (ESI). ESI source parameters were set to 4 kV for spray voltage and 35 V for
transfer capillary voltage at a capillary temperature of 275°C. The samples were measured in
positive-ion mode in the mass range of m/z 100 to 2,000 using 30,000 m/Δm mass resolving power
in the Orbitrap mass analyzer. The data were evaluated and interpreted using Xcalibur 3.0.63
(Thermo Fisher Scientific, Waltham, MA).
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NMR measurements. NMR spectra (1H NMR, 1H-1H COSY, 1H-1H ROESY, 1H-13C HSQC, and 1H-13C
HMBC) were recorded on a Bruker Avance III HD 700 spectrometer, equipped with a CryoPlatform and
a 1.7-mm TCI MicroCryoProbe (Bruker BioSpin GmbH, Rheinstetten, Germany). NMR tubes with 1.7-mm
outer diameter were used for all measurements. All NMR spectra were recorded using D2O as a solvent.
Accurate tuning of the spectrometer frequencies (700.45 MHz for 1H and 176.14 MHz for 13C) was
accomplished prior to the experiments. Chemical shifts were left uncorrected. Data acquisition and
processing were accomplished using TopSpin version 3.2 (Bruker BioSpin). Standard pulse programs as
implemented in TopSpin were used for data acquisition.

Crystallization of PceA and structural analysis. For the purification of PceA, the S. multivorans
mutant strain GD21 was cultivated, as reported before (27, 40), in the presence of different benzimida-
zoles (see above). PceA was purified as described in previous reports (27, 40). PceA was crystallized and
crystals flash-cooled under anoxic conditions in a glove box (model B; COY Laboratory Products, Grass
Lake, MI) containing an atmosphere of 95% N2–5% H2 and less than 10 ppm oxygen. Crystals were grown
by the sitting drop vapor diffusion method at room temperature. One microliter of 5 to 15 mg/ml PceA
in 30 mM Tris-HCl (pH 7.5) and 5 mM Tris(2-carboxyethyl)phosphine (TCEP) was mixed with 1 �l of
crystallization solution containing 12 to 17% (wt/vol) polyethylene glycol 3350 (PEG 3350) and 0.2 M
sodium malonate, 2% benzamidine-HCl, and 50 mM Tris-HCl (pH 7.5). Crystals were flash-cooled in liquid
nitrogen after protection in the crystallization solution supplemented with 20% (vol/vol) glycerol and
25% (final wt/vol) PEG 3350. Once plunged into liquid N2, crystals were removed from the anoxic
atmosphere and thereafter stored and handled under liquid N2.

Diffraction data for PceA equipped with 5-OMeBza-NCba were collected on BL14.1 operated by the
Helmholtz-Zentrum Berlin (HZB, Germany) at the BESSY II electron storage ring (Adlershof, Berlin,
Germany) (41). Data for PceA equipped with 6-OHBza-NCba were collected at beamline P11 at PETRA-III
(DESY, Hamburg, Germany) (42, 43). The data were indexed and integrated with the XDS package (44)
and XDSAPP (45). Restraints for the base were generated by the Grade Server version 1.001 and used to
modify the vitamin B12 restraint file posted by Oliver Smart (Global Phasing Ltd., Cambridge, UK). Models
were fitted in COOT (46), refined with phenix.refine (47), and validated with MolProbity (48). Data
collection and refinement statistics are summarized in the Table S2.

Accession number(s). Model coordinates and structure factors for PceA equipped with different
NCba proteins have been deposited in the Protein Data Bank (PDB) under accession numbers 5OBP (PceA
with 6-OHBza-NCba cofactor) and 5OBI (PceA with 5-OMeBza-NCba cofactor).
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