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Vitamin B,,, the antipernicious anemia factor, is the cyano
derivative of adenosylcobalamin, which is one of nature’s most
complex coenzymes. Adenosylcobalamin is made along one of
two similar yet distinct metabolic pathways, which are referred
to as the aerobic and anaerobic routes. The aerobic pathway
for cobalamin biosynthesis proceeds via cobalt insertion into
a ring-contracted macrocycle, which is closely followed by
adenosylation of the cobalt ion. An important prerequisite
for adenosylation is the reduction of the centrally chelated
metal from Co(II) to a highly nucleophilic Co(I) form. We
have cloned a gene, cobR, encoding a biosynthetic enzyme
with this co(II)rrin reductase activity from Brucella meliten-
sis. The protein has been overproduced, and the resulting
flavoprotein has been purified, characterized, and crystal-
lized and its structure determined to 1.6 A resolution. Kinetic
and EPR analysis reveals that the enzyme proceeds via a
semiquinone form. It is proposed that CobR may interact
with the adenosyltransferase to overcome the large thermo-
dynamic barrier required for co(II)rrin reduction.

Cobalamin (vitamin B,,) is a coenzyme that is associated
with a range of isomerization, methylation, and dehalogenation
reactions, utilizing the unique chemistry of the carbon-cobalt
bond that is characteristic of this molecule (1). The octahedral
geometry of the functional cobalt ion in cobalamin necessitates
a structurally complex molecule that consists of a corrin ring, a
lower nucleotide loop, and an upper ligand that is either a

* This work was supported by the Biotechnology and Biological Sciences
Research Council and Queen Mary, University of London, in the form of a
studentship (to A.D.L.). The costs of publication of this article were
defrayed in part by the payment of page charges. This article must there-
fore be hereby marked “advertisement” in accordance with 18 U.S.C. Sec-
tion 1734 solely to indicate this fact.

The atomic coordinates and structure factors (code 3CB0) have been deposited in
the Protein Data Bank, Research Collaboratory for Structural Bioinformatics,
Rutgers University, New Brunswick, NJ (http://www.rcsb.org/).

5] The on-line version of this article (available at http://www.jbc.org) contains
supplemental text, additional references, and Figs. S1-S6.

"To whom correspondence may be addressed: School of Biological and
Chemical Sciences, Queen Mary, University of London, Mile End Rd.,
London E1 4NS, UK. Tel.: 44-20-7882-6360; E-mail: r.w.pickersgill@
gmul.ac.uk.

2 To whom correspondence may be addressed: Dept. of Biosciences, Univer-
sity of Kent, Canterbury, Kent, CT2 7NJ, UK. Tel.: 44-1227-824690; E-mail:
m.j.warren@kent.ac.uk.

This is an Open Access article under the CC BY license.
APRIL 18, 2008 VOLUME 283 +NUMBER 16

methyl group in methylcobalamin or an adenosyl group in
adenosylcobalamin. The corrin ring is a modified tetrapyrrole
and as such bears a structural resemblance to molecules such as
heme, chlorophyll, siroheme, and coenzyme F,;,, reflecting a
common synthesis of the tetrapyrrole template as part of a
broader branched metabolic pathway (2). However, cobalamin
differs from these other modified tetrapyrroles in two impor-
tant aspects. First, the carbon framework of the corrin molecule
has been contracted such that one of the integral carbons of the
tetrapyrrole progenitor has been removed to afford a smaller
central cavity into which the cobalt ion is bound. Second, cobal-
amin provides both upper and lower ligands for the cobalt to
complement the ligands provided by the nitrogens from the
four pyrrole-derived units of the macrocycle.

Central to the role played in catalysis by cobalamin-contain-
ing enzymes is the cobalt ion, which forms a unique cobalt-
carbon bond with either an upper adenosyl (adenosylcobal-
amin) or methyl (methylcobalamin) group. It is the physical
properties of this bond that mediate the scintillating chemistry
associated with B,,-dependent transformations (1). There is
thus some considerable interest in how this bond is formed in
the biosynthesis of vitamin B, (2).

The biosynthesis of cobalamin is a highly complex process,
requiring around 30 enzyme-mediated steps for its de novo
construction (2). The attachment of the upper axial ligand
occurs comparatively late in the pathway, after the corrin
ring has been synthesized. The attachment of the upper axial
ligand requires first reduction of the cobalt ion to Co(I) and
second adenosylation, with the transfer of the adenosyl
group from ATP (3) (Fig. 1).

There are at least two distinct ways in which nature carries
out the reduction of the central cobalt ion within the corrin
ring. In organisms that operate the anaerobic pathway for
cobalamin biosynthesis, there is no dedicated enzyme for cobalt
reduction (4). This conclusion has been reached from a study of
the anaerobic biosynthetic B,, operons found in many eubac-
teria in which no specific reductase gene appears to be encoded.
Molecular genetic approaches have also failed to find a reduc-
tase gene that is dedicated to B;, biosynthesis (4). However,
other biochemical approaches have shown that the ferredoxin
(flavodoxin):NADP ™ reductase and flavodoxin A proteins can
serve as electron donors for the reduction of co(Ill)rrinoids to
co(I)rrinoids in vitro and are therefore likely also to act in vivo
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FIGURE 1. Biosynthesis of vitamin B, ,, highlighting the transformation of cob(ll)yrinic acid a,c-diamide into adenonsylcob(lll)yrinic acid a,c-diamide.
After the insertion of cobaltinto the contracted ring system by CobNST, the central cobalt ion of cobyrinic acid a,c-diamide is reduced to the Co(l) form by CobR,

which acts as a nucleophile for the adenosylation process.

(5). In contrast, along the aerobic pathway, a specific enzyme
for the reduction of co(Il)rrinoid to co(I)rrinoid has been
reported in Pseudomonas denitrificans, which acts as soon as
the cobalt ion has been inserted into the macrocycle (Fig. 1). In
this work, the Rhone Poulenc group isolated an NADH-de-
pendent flavoenzyme exhibiting cob(II)yrinic acid 4,c-diamide
reductase activity and sequenced its N terminus (6). This
enzyme of the cobalamin biosynthetic pathway reduced to the
Co(I) state all of the Co(II)-corrinoids isolated from this micro-
organism, indicating a broad substrate specificity. Despite the
N-terminal sequencing, the authors were unable to identify the
gene encoding this enzyme (7).

In this study we have exploited a bioinformatics approach to
identify an orthologous cobalt reductase gene located in a
cobalamin biosynthetic operon in the bacterium Brucella
melitensis. This gene was cloned and expressed, and the
encoded protein (CobR) was structurally and functionally ana-
lyzed to provide the first systematic characterization of a cobal-
amin biosynthetic corrinoid reductase.

EXPERIMENTAL PROCEDURES

Molecular Biology—To enable high level expression in Esch-
erichia coli, the cobR and cobO genes were amplified by PCR
using genomic DNA from B. melitensis as a template. Details of
the cloning procedures are given in the supplemental material.

Recombinant Protein Overproduction and Purification—The
plasmid bearing the cobR gene was transformed into E. coli
BL12 DE3 pLysS and grown in LB containing 50 mg/liter ampi-
cillin and 30 mg/liter chloramphenicol with aeration at 37 °C.
Upon reaching an A, of 1, the culture was induced with iso-
propyl 1-thio-B-p-galactopyranoside (0.4 mm), and growth was
continued overnight at 16 °C. The cells were harvested by cen-
trifugation (20 min, 3,500 X g) and resuspended in 10 ml of
binding buffer (0.5 M NaCl, 5 mMm imidazole, 20 mm Tris-HCI,
pH 8.0). Cell lysis was achieved by sonication, and the recom-
binant protein was purified using immobilized metal affinity
chromatography using a column loaded with nickel. Further
details are given in the supplemental material.

Activity Assay—Corrin reductase activity was measured as
described previously (6).
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Electron Paramagnetic Resonance (EPR)—EPR and ENDOR?
spectra were obtained using a Bruker ELEXSYS E500/580 EPR
spectrometer operating at X-band. Temperature control was
effected using Oxford Instruments ESR900 and ESR935 cryo-
stats interfaced with an ITC503 temperature controller. Exper-
imental conditions were as given in the figure legends.

Identification of Bound Flavin Cofactor—The purified
enzyme was denatured by the addition of ice-cold trichloroace-
tic acid to a final concentration of 5%. The solution was centrif-
ugation in a bench-top centrifuge to remove precipitate. The
supernatant was decanted and neutralized with the addition of
2 M K,HPO,, 10 ul of which was injected onto an Ace 5 AQ
column (4.6 X 210 mm, 5 um, Advanced Chromatography
Technologies) run on an Agilent 1100 series HPLC equipped
with on-line diode array and fluorescence detectors at a flow
rate of 1 ml min~". Flavin cofactors were separated isocratically
using 25% methanol in 20 mm KH,PO,, pH 7.5, as the eluent.
The fluorescence emission at 525 nm was monitored with the
excitation wavelength set at 445 nm. Identification of species
was based on the comparison of the retention time with that of
commercial standards.

Redox Potentiometry—Redox titrations were performed in a
Belle Technology glove box under a nitrogen atmosphere as
described previously. Further details are given in the supple-
mental material (8 —10).

Crystal Structure of CobR—Purified CobR following removal
of the His tag was concentrated to 50 mg ml~'. Bright yellow
crystals were obtained using 0.5-1.0 m Li,SO, and 15-20% pol-
yethylene glycol 800 in hanging drop vapor diffusion experi-
ments. CobR crystallized in space group P2,2,2, with four mol-
ecules in the asymmetric unit. Crystals were vitrified by briefly
soaking them in mother liquor augmented with 20% (v/v) glyc-
erol before plunging them into liquid nitrogen. Se-Met-labeled
CobR was used for de novo structure determination using Se-
Met SAD-phasing methods. Data collected (720 degrees of
data) at the European Synchrotron Radiation Facility (ID29)
were processed and scaled using MOSFLM (11) and the CCP4
(12) program suite. After phase generation using autoSHARP

3The abbreviations used are: ENDOR, electron nuclear double resonance;
HPLC, high pressure liquid chromatography.
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TABLE 1
Crystallographic statistics
High Selenium
resolution peak data

Wavelength (A) 0.8856 0.9797
Resolution (A) 1.6 2.2

merse 6.4 (22.5) 8.8 (20.6)
Mean I/a(l) 18.6 (6.8) 35.6 (18.5)
Unique reflections 97,683 (13,967) 38,415 (5482)
% Completeness 99.7 (99.2) 100.0 (100.0)
Multiplicity 3.6 (3.5) 28.9 (29.2)°
Mid slope anomalous probability 1.053 1.836
Ry 18.3%

e 22.3%
r.m.s. bond lengths (A) 0.006 (0.021)¢
r.m.s. bond anle ©) 1.046 (1.955)
r.m.s. chiral (A?%) 0.069 (0.200)
Ramachandran plot (%)

Allowed 98.6%
B-factors (A2)°

Protein 11.3

FMN 15.6

Waters 35.5

“ The overall resolution range is 42.8 to 1.60 A and in parentheses 1.69 to 1.60 A for
the high resolution data set and 58.5 to 2.2 A and in parenthesis 2.32 to 2.20 A for
the peak data set.

£720° of data were collected to optimize data quality and facilitate SAD phasing.

¢ For the stereochemical data, the root mean square (r.m.s.) deviations are given, and
in parentheses the target (o) value is shown.

9 Leu-101 and Ser-140 have clear electron density but fall outside the allowed region
of the Ramachandran plot where they account for the disallowed 1.4%.

¢ The mean B-factor from the Wilson plot for the high resolution data was 13.8 A2,

(13), using four selenium sites, an almost complete model was
built using the automatic building procedure ARP/wARP (14).
Subsequent cycles of manual model refinement in O (15) and
refinement with REFMAC 5 (16) produced the final model at
1.6 A resolution with one flavin bound per dimer and an R,
0f18.3% and an Ry, 0f22.3% (Table 1). FMN was seen bound to
CobR, rather than FAD, even when crystals were soaked in
fresh FAD immediately prior to data collection.

Substrate Binding—When CobR crystals were soaked in
NAD (0.5 mmM for 10 min), no NAD was seen in the resulting
electron density. However, NAD binding could be modeled
using the NAD-bound to flavin reductase (Protein Data Bank
code 1RZ0). The flavin reductase-NAD complex and CobR
superimpose with a root mean square deviation of 1.8 A over
1571 equivalenced atoms (17), and superimposition of the two
proteins brings the NAD of the flavin reductase into a sterically
most plausible position in the CobR cavity.

RESULTS

Identification and Cloning of the Cobalt Reductase—The
cobalt reductase was identified from BLAST searches con-
ducted with the published N-terminal sequence (NH,-MEK-
TRL) of the P. denitrificans corrin reductase enzyme (6). This
led to the identification of SMc00514 in S. meliloti, which was
annotated as being a putative monooxygenase. This sequence was
then used in further BLAST searches that produced a list of anal-
ogous proteins from a wide range of organisms. From this list a
gene encoding an orthologue from B. melitensis (BMEI0709) was
identified within a cobalamin biosynthetic operon (supplemental
Fig. S1). This provided further circumstantial evidence that this
protein is likely to be involved in vitamin B, biosynthesis and is a
plausible candidate for the corrinoid reductase.

This gene, which has been termed cobR, encodes a protein
consisting of 173 amino acids with a predicted molecular mass
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of 18.7 kDa and has primary sequence similarity to a number of
flavoproteins, including the smaller reductive component of
the 4-hydroxyphenylacetate 3-monooxygenase (either HpaC
from E. coli or Phe(A2) from Geobacillus thermoglucosidasius
A7) (supplemental Fig. S1) (18, 19). Some sequence similarity
was also observed with PduS (data not shown), a cobalamin
reductase that is required for the activation of the diol dehy-
dratase as part of the propanediol utilization metabolosome
(20). To investigate the activity of CobR, the gene was amplified
by PCR from the genomic DNA of B. melitensis and cloned into
the vector pET-14b to allow the encoded protein to be pro-
duced recombinantly with an N-terminal His tag.

Purification and Characterization of CobR—The cobalt
reductase was purified to homogeneity by metal chelate chroma-
tography and gel filtration (supplemental Fig. S2). The isolated
protein was highly soluble, and the solution was bright yellow in
color. The UV-visible absorbance spectrum is typical of a flavopro-
tein, with absorption maxima at 380 and 455 nm and characteristic
shoulders at 430 and 485 nm (supplemental Fig. S2).

The flavin bound to CobR was identified after the nonco-
valent cofactor was extracted from the protein by the addi-
tion of ice-cold trichloroacetic acid. Following the removal
of the precipitate by centrifugation, the supernatant was
decanted and neutralized to prevent hydrolysis of FAD.
Analysis by reverse phase HPLC revealed that the extracted
cofactor exhibited a retention time similar to authentic FAD
(supplemental Fig. S3). However, a small quantity of FMN
was also present in the extract, which may represent either a
limited hydrolysis of the FAD during the extraction proce-
dure or indicate that a small fraction of the purified CobR
contains bound FMN. Based on the integral of the peaks, the ratio
of FAD to FMN was estimated to be 6:1. Moreover, mass spectral
analysis of the flavin, also extracted after acid denaturation of the
purified protein, revealed that the major species had a mass con-
sistent with FAD (supplemental Fig. S4).

The observation that FAD is the natural cofactor is further
supported by fluorescence titrations of both FMN and FAD
with the CobR apoprotein (Fig. 2 and Equation 1).

F=Feqt Fs(dCF

(Ca + Ky + dC) — \(Cy + Ky + dCp)? — 4cAch> o
— Eqg.1
2

where F is the observed emission intensity after each addition;
F, 4 is the remaining emission intensity at the end of the titra-
tion; Fyis the difference in emission intensity between 1 um free
flavin and 1 um CobR; C, is the total protein concentration
after each addition (apo + holo); K, is the dissociation constant
of the apoflavin complex in uMm units; C,.is the starting concen-
tration of flavin; and d is the dilution factor of this initial con-
centration (initial volume/total volume) after each addition.
The dissociation constants (K,) for the complexes formed
between oxidized FMN and FAD with the apoCobR protein
were determined by titrating apoCobR (obtained by dialysis of
CobR against guanidine (2 M) and KBr (2 m)) into a known
concentration of flavin. By fitting the observed fluorescence as a
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FIGURE 2. Determination of the dissociation constants for FMN and FAD.
The dissociation constants of the complexes between (a) FMN and (b) FAD
and apoCobR were determined fluorometrically (excitation wavelength 450
nm; emission wavelength 525 nm) by titration of the flavin solution (0.21 um)
with apoCobR, obtained by dialysis of CobR against guanidine (2 m) and KBr
(2 m). Dissociation constants were calculated using Origin (OriginLab) by fit-

ting the observed fluorescence as a function of apoCobR concentration in
solution as shown in Equation 1.

function of apoCobR concentration, a K, of 230 = 27 nwm for
FAD and 648 * 46 nM for FMN was determined.

Reduction of CobR—Addition of either NADH or NADPH to
a solution of CobR under anaerobic conditions results in
bleaching of the cofactor, which is consistent with the reduc-
tion of the bound flavin to the 2e~ reduced hydroquinone form.
Reductive titration against dithionite also revealed that the fla-
vin undergoes an apparent direct reduction to the hydroqui-
none form, which is inferred from the bleaching of the chro-
mophore and the appearance of an isosbestic point at 340 nm
(Fig. 3). This reductive titration was completed over the pH
range 49, and no significant pH-dependent spectral changes
were observed. Equally, no semiquinone formation was
observed following rapid mixing of CobR against dithionite by
stopped-flow methods. Overall, this indicates rapid dispropor-
tionation of the semiquinone and suggests that CobR provides
no thermodynamic stabilization for this intermediate.

Redox Potentiometry—In light of the particularly negative
redox potential required for the reduction of a corrionoid to the
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Co(I) state, =610 mV (21), an investigation into the midpoint
redox potential for the flavin housed within CobR was under-
taken. A solution of CobR in phosphate buffer at pH 7.0 con-
taining 10% (v/v) glycerol was subjected to a reversible spectro-
electrochemical titration using dithionite as the reductant and
subsequently ferricyanide for the re-oxidation. No hysteresis
was observed in oxidative and reductive directions. The data
collected at 455 nm (reflecting maximal changes in spectral
properties between oxidized and the 2e~ reduced enzyme) was
fitted to the Nernst equation, which gave an apparent midpoint
reduction potential of —207 = 3 mV for the quinone/hydroqui-
none transition (Fig. 3).

Corrinoid Reductase Activity—Purified CobR was assayed for
Co(III) reductase activities using biosynthetic precursors that
included cobyrinic acid, cobyrinic acid a,c-diamide, and cobin-
amide as well as cobalamin (Fig. 4a). The specific activity for
CobR in the presence of NADH for cobyrinic acid was found to
be 4 and 13 wmol/min/mg for cobyrinic acid a,c-diamide, 15
pmol/min/mg for cobinamide, and 22 umol/min/mg for aqua
cobalamin.

To determine whether CobR is able to perform the reduction
of Co(II) corrinoids to Co(I), a coupled assay in which any Co(I)
product formed was converted into the corresponding adeno-
sylated derivative by the adenosyltransferase was used. The
conversion of cob(I)alamin into adenosylcobalamin was mon-
itored spectrophotometrically by the corresponding increase in
absorbance at 525 nm and quantified using the difference in the
molar extinction coefficient of A€s,; = 4.8 mm ' cm™!
between cob(Il)alamin and the product (Fig. 4b). Unlike adeno-
sylcobalamin, the B-adenosylated form of cobinamide is yellow,
and accordingly, the product of the reaction can be followed by
the change in the molar extinction coefficient at 469 nm (Fig.
3b), which was estimated to be Ae;qo = 2.7 mm ' cm ™. The
rates of adenosylcobalamin and adenosylcobinamide formation
by CobR were found to be at least 3.4 and 9.2 nmol/min/mg,
respectively. These values represent minimal rates of activity
because the enzyme was not measured under optimal condi-
tions within the confines of the coupled assay. No activity was
detected when CobR was omitted from the reaction mixture,
and no additional flavin was required for reductase activity. The
UV-visible spectra of completed reactions were characteristic
of their respective adenosylated derivatives and comparable
with previously published data (22). Moreover, after photolysis
of the product for 15 min using a 150-watt tungsten lamp at a
distance of 20 cm, the optical spectrum returned to that of
Co(II) starting material, which is consistent with loss of the
adenosyl group. Co(Il)rrin reduction activity could also be
detected by alkylating the co(I)rrin form by iodoacetic acid in
the absence of the adenosyltransferase (data not shown).

CobR Forms a Flavin Semiquinone Radical during Turnover—
Evidently, as the enzyme is able to perform the reduction of
co(IT)rrinoids, CobR must be able to promote the transfer of a
single electron from the flavin cofactor to the substrate. This
process must proceed through the formation of a flavin
semiquinone radical, although reductive methods using dithio-
nite followed by UV-visible spectroscopy have failed to yield
this key intermediate (Fig. 3). However, it was possible to iden-
tify the flavin semiquinone radical either by employing EPR to
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FIGURE 3. CobR redox titration. The protein (CobR, 65 um) was found to be very stable over the time required
for the titration allowing full reduction and reoxidation. Spectral changes occurring during the reductive part
of the titration are indicated by arrows. Fitting data to a Nernst equation results in a midpoint reduction

potential of —207 *+ 3 mV. SHE, standard hydrogen electrode.

monitor single turnover of the reduced enzyme with
cob(II)alamin in the forward direction or by reduction of the
oxidized protein with cob(I)inamide in the reverse direction.
Thus, reduction of the protein with 1 eq of NADH followed by
the addition of 1 eq of cob(IlI)alamin allowed the enzyme to
undergo a single turnover. Analysis of the corresponding EPR
spectrum revealed that the cob(Ill)alamin had been reduced to
cob(II)alamin and an additional signal was present centered at
g = 2.0032 consistent with the presence of a semiquinone rad-
ical. However, the yield of semiquinone was low, representing
only a few percent of the total spin in the sample. The yield of
semiquinone could be significantly increased to >50% by rap-
idly mixing reduced cooled enzyme with cob(IIl)alamin and
quickly freezing the sample. Alternatively, cob(I)inamide could
be used as a reductant to reduce the oxidized flavin. The addi-
tion of cob(I)inamide (which was generated by reduction of the
Co(III) form with sodium borohydride) to a solution of CobR
resulted in the oxidation of the cobalt to Co(II) and the forma-
tion of the flavin semiquinone.

From such samples it was possible to record the EPR spec-
trum of the CobR-bound flavin semiquinone radical (Fig. 5a).
Despite it not being possible to observe any resolved hyper-
fine structure from flavoprotein radicals, because of the mul-
tiplicity and anisotropies of the hyperfine interactions, it was
possible to obtain some structural information from the line
width of the EPR signal. An anionic, or red, semiquinone will
typically exhibit a line width of ~15 G, whereas a neutral, or
blue, semiquinone is identified from a broader line width of
around 19 G (23). With the line width of the CobR spectrum
being 20.3 G, the signal has been assigned to that of a blue
flavin semiquinone.

The Davies ENDOR spectrum of the flavosemiquinone (Fig.
5, b and ¢) shows several features previously assigned in
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T
600

semiquinone at N-10 (24). There are
many more features of the ENDOR
spectrum lying between 12.5 and
17.5 MHz that could arise from
either weak hyperfine coupling to
flavosemiquinone protons or hyper-
fine coupling to protein protons.
Further studies employing orienta-
tion selected ENDOR, H,O-D,O exchange, and specific deuter-
ation of CobR will allow for the assignment of these lines.

The hyperfine coupling to the 8-methyl protons is greater
than that reported for many other protein-bound neutral fla-
vosemiquinones or for the neutral flavosemiquinone in vitro
being A | = 8.0 Mhzand A = 9.6 MHz. The isotropic hyperfine
coupling of the 8-methyl protons, '5(2 A, + A)), is related to
the unpaired electron spin density, p, at C-8 via the McConnell
relation A;,, = Qpc_g (27), where the constant Q = 81. Thus the
A, = 8.5 MHz, and p¢_g is 0.104. This is somewhat higher than
previously reported for many protein-bound flavosemiquino-
nes and suggests that more of the unpaired electron spin den-
sity of the radical state is located at C-8 than in other flavopro-
teins. This may reflect the role of the dimethylbenzene part of
the flavin, and the C-8 methyl group in particular, in electron
transfer to Co(II)-corrinoids.

Crystal Structure—Purified CobR was found to crystallize
readily (Fig. S2). The crystal structure of CobR was solved de
novo using single wavelength anomalous dispersion data and
refined at 1.6 A resolution to give a structure with good
stereochemistry and with a R, ., and Ry, of 18.3 and 22.3%,
respectively (see “Experimental Procedures”). Two CobR
homodimers (four polypeptide chains) were present in the
asymmetric unit, and within each homodimer the subunits are
in close contact related by a pseudo 2-fold rotation axis. There
was clear electron density for residues 8-173,11-173,12-173,
and 13-173 for chains A, B, C, and D, respectively; the N-ter-
minal part of the polypeptide chain is presumably rather flexi-
ble. The intimacy of the subunits in the crystal combined with
solution data, which show CobR is a dimer, strongly suggest the
dimer observed in the crystal is biologically authentic (Fig. 6a).
More surprisingly was the observation that the flavin was FMN
and not FAD, the preferred physiological cofactor. Moreover,
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FIGURE 4. Spectra obtained during the transformation of co(lll)rrin to
co(ll)rrin and co(ll)rrin to co(l)rrin. g, transformation of cob(lll)alamin into
cob(ll)alamin. Diode array UV-visible spectra showing the CobR-dependent
reduction of 50 um cob(lll)alamin to cob(ll)alamin. Reaction mixture con-
tained 50 um cob(ll)alamin, 0.5 mm NADH, and 0.5 g of CobR. b, transforma-
tion of cob(ll)alamin and cob(ll)inamide into their adenosylated derivatives.
The spectrum of the co(ll)rrin starting material is shown as a dotted line (both
cob(ll)alamin and cob(ll)inamide give the same spectrum). Incubation of
cob(ll)alamin with CobR, ATP, NADH, and the adenosyltransferase CobO gen-
erated the dashed line spectrum (adenosylcobalamin), whereas incubation
with cob(ll)inamide produced the solid line spectrum (adenosylcobinamide).

only one of the subunits in the dimer binds the flavin FMN (Fig.
6b) despite the subunits being closely similar (root mean square
deviation is 0.375 A for 1114 equivalent atoms). The major dif-
ference between the two subunits is in the position of Arg-98
and this might influence the binding of FMN to the CobR sub-
unit (supplemental Fig. S5). The Dali Server (28) reveals that the
closest known structure to CobR is that of the G. thermoglucosida-
sius flavin reductase (Protein Data Bank code 1RZ0) with a root
mean square deviation 1.6 A over 146 equivalent residues (29).

The core of the CobR subunit is a six-stranded anti-parallel
B-barrel formed from B-strands (81, 82, B4, 85, 86, and B7) and
capped by an a-helix (a2). Two additional a-helices (a3 and
a4) flank the central B-barrel and the remaining a-helix (a1)
embraces the other subunit stabilizing the dimer (Fig. 6a). The
subunit adopts a FMN-binding split barrel fold (Greek key
architecture), related to the ferredoxin reductase-like FAD-
binding domains.
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FIGURE 5. EPR and ENDOR spectra of the CobR-bound flavin semiqui-
none. g, X-band EPR spectrum of flavosemiquinone form of CobR formed by
the rapid mixing of NADH-reduced CobR with co(lll)rrin, followed by rapid
freezing in liquid nitrogen. Experimental parameters are as follows: micro-
wave power 5 microwatts, modulation frequency 100 kHz, modulation ampli-
tude 1.2 G, temperature 20 K. b, X-band Davies pulsed ENDOR spectrum of the
CobR flavosemiquinone formed as in a. ¢, first derivative presentation of b.
Temperature for ENDOR spectra was 120 K, resulting spectrum is the sum of
120 scans.

Description of the Flavin-binding Site—The FMN molecule
present in the structure is bound in a groove in the surface of the
enzyme between a2 and o3, along the edge of 2. The si face
of the isoalloxazine ring is buried, but the re face is orientated
into the large solvent-filled cavity formed between the two sub-
units. The flavin reductase binds FAD, and there is a distinct
adenosine-binding site. In CobR, however, there is no equiva-
lent adenine-binding pocket observed in the structure, and the
corresponding region of the protein is occupied by o4 (Fig. 6¢).
Solution studies show the presence of adenosine contributes to
binding affinity, and this may be via entropic effects (release of
water from the adenosine surface) rather than enthalpic inter-
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FIGURE 6. Crystal structure of CobR. g, schematic representation of the homodimer architecture of CobR with
FMN shown in stick representation. The si face of the FMN is presented to the large central cavity. b, o
F..ic Fourier synthesis showing the quality of the electron density corresponding to the
isoalloxazine ring of the bound FMN; the electron density is contoured at 10 (blue mesh). ¢, schematic repre-
sentation showing the superimposition of flavin reductase (Phe(A2)) and CobR, which brings the isoalloxazine
rings of the flavins shown in stick representation into close structural alignment. The position of a-helix a4 of
CobR precludes the binding of adenosine at the corresponding position in CobR, and there is no adjacent
binding pocket that can accommodate the adenosine. The NAD bound by flavin reductase can be readily
accommodated in CobR. d, more detailed view of FMN and proposed NAD binding in CobR showing some key
interactions with FMN and NAD. The measured distance between the modeled NAD (nicotinamide) C-5and the
experimentally observed isoalloxazine ring N-5 of 3.2 A is consistent with hydride transfer from C-5 of NADH to

weighted 2F,,, —

N-5 of FMN. Produced using PyMol (17).

actions. The residues involved in binding the flavin originate
from a single subunit, and there is no indication of interactions
across the dimer interface. The 2,4-pyrimidinedione moiety of
the flavin forms an extensive network of hydrogen bonds with
main chain atoms from residues Ala-48, Cys-62, and Gln-64
along with a water molecule. The phosphate moiety also forms
a number of hydrogen bonds to the main chain atoms of resi-
dues Thr-45 and Phe-95 together with a water molecule and the
side chain of Arg-106, which is coordinated to the phosphate
group itself. The dimethylbenzene moiety resides in a hydro-
phobic pocket formed mostly from the side chains of residues
Val-30, Tyr-163, and Tyr-168 (Fig. 6d). Significantly, in the cur-
rent conformation, there is no suitable hydrogen bonding part-
ner in range of nitrogen N-5 of the isoalloxazine ring. A strong
hydrogen bond between N-5 and the protein is known to pro-
vide a degree of thermodynamic stabilization for the semiqui-
none radical (30). However, this may be a consequence of the
oxidation state of the flavin in the structure. It is well known
that small changes in the protein structure around the flavin
occur upon reduction, and these changes can influence the
redox potential of the flavin (31). Thus, it is feasible that in the
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semiquinone structure, the side
chain of Thr-47 (currently 3.7 A
away) or a water molecule may be
brought within hydrogen bonding
range. However, it should also be
noted that the flavin semiquinone
occurs only fleetingly and is barely
detectable unless the enzyme is fro-
zen rapidly during turnover.

The residue whose position dif-
fers the most between the two sub-
units in the dimer is Arg-98, where
the side chain adopts two confor-
mations. In the subunit with the
bound flavin (subunit A), the side
chain is in an “out” conformation
and forms a salt bridge with Asp-93
of subunit C from the other dimer in
the asymmetric unit. In the mono-
mer lacking a bound cofactor,
Arg-98 adopts the “in” conforma-
) tion where it lies parallel to the rib-
ityl-binding site (supplemental Fig.
S5). The effect of Arg-98 appears to
be minor, but its contribution to
protein electrostatics might influ-
ence flavin affinity.

Description of the NAD-binding
Site—Structurally aligning the G.
thermoglucosidasius flavin reduc-
tase (29) and CobR brings the flavin
isoalloxazine rings into close struc-
tural alignment and the NAD into
the solvent-filled cavity of CobR.
The NAD can be comfortably
accommodated within the cavity
present in CobR (Fig. 6c). Arg-20
could readily move to hydrogen bond the NAD phosphates and
His-142 and Ser-51 (from the other subunit) are ideally posi-
tioned to hydrogen bond the adenosine N-3 and nicotinamide
amide N-7, respectively. Additional hydrogen bonds could be
made to stabilize this unusual bent NAD conformation. Signif-
icantly, for hydride transfer to the flavin from NADH, the nic-
otinamide C-4 and FMN N-5 are separated by only 3.2 A in this
modeled ternary complex.
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DISCUSSION

We have identified a potential corrin reductase that is part of
the cobalamin biosynthetic pathway in B. melitensis. Several
lines of evidence make the case compelling. First, the enzyme is
related in both sequence and physical characteristics to the
enzyme previously reported by the Rhone Poulenc group (6).
Moreover, there is sequence similarity between CobR and a
cobalamin reductase (PduS) that has recently been described as
part of the propanediol utilization machinery (20). Second,
CobR exhibits both co(Ill)rrinoid and co(II)rrinoid reductase
activities and displays a wide substrate specificity, from coby-
rinic acid to cobalamin. A comparison of the reduction rates
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indicates an apparent preference for amidated side chains on
the modified tetrapyrrole substrate, which is consistent with
cobyrinic acid a,c-diamide being the true pathway intermediate
as reported previously (6).

CobR Is a Flavoprotein—The biochemical characterization of
the protein revealed that it has a preference for FAD over FMN,
and the as-isolated protein contained more bound FAD than
EMN. However, the crystal structure of CobR revealed that only
FMN was bound. The presence of FMN in the crystallized
CobR could be due to the preferential crystallization of the
FMN-containing form of the enzyme, or perhaps due to hydrol-
ysis of bound FAD under the relatively high pH crystallization
conditions.

CobR Is Reduced by NADH—The reduced flavin on CobR
then facilitates the single electron reduction of the metal center
in the corrin substrate. This process generates a flavin semiqui-
none that disproportionates rapidly. The lack of any semiqui-
none upon equilibrium reduction of CobR by dithionite is fur-
ther evidence that this intermediate is not stabilized within the
enzyme. During the catalytic cycle of CobR, the semiquinone
can either be used to promote a second round of corrin reduc-
tion or it may be disproportionate within the protein dimer
with the flavin in the second active site, or with a flavin in a
separate dimer.

The enzyme has an overall similar topology to another char-
acterized flavoprotein, the flavin reductase component (HpaC
or PheA2) of the 4-hydroxyphenylacetate 3-hydroxylase (29,
32, 33). The bound flavin in HpaC is reduced by NADH, and the
reduced enzyme is then able to reduce free flavin, which dif-
fuses to the hydroxylase component (34). Crystal structures of
HpaC with NAD™ have been solved revealing that the NAD ™ is
bound in a bent configuration (29, 32, 33). Given the active site
topology an assumption can be made that NADH is also likely
to bind in this conformation within CobR, and it is therefore
possible to compose a symphony of events that would allow
corrin reduction to take place within CobR. The exquisite posi-
tioning of appropriate hydrogen bonding groups in the cavity to
the si face of the flavin ring in CobR reveals that NADH will
bind to CobR in the same bent conformation as seen in the
flavin reductase (29, 32, 33). This would facilitate hydride trans-
fer from the nicotinamide ring of NADH to the N-5 of the
flavin. Upon the release of the spent NAD™ and its diffusion
from the active site, the corrin ring (either Co(III) or Co(II))
then occupies the vacant cavity. Molecular modeling suggests
that the corrin is able to bind to CobR in the active site with the
cobalt ion in closer proximity to the dimethylbenzene end of
the isoalloxazine ring of the flavin (data not shown). Such a
binding configuration favors single electron transfer to the
corrin and is supported by the high unpaired electron spin den-
sity at C-8 observed in ENDOR spectra of the semiquinone
state. EPR studies using low spin Co(II) corrinoids supports the
idea that the various corrin substrates bind directly to the
enzyme (data not shown).

To catalyze the reduction of co(Il)rrin to co(I)rrin, the
enzyme has to overcome a significant energy barrier. The mid-
point potential for corrin reduction is predicted to be around
—500 mV for cobinamide and —610 mV for cobalamin (21),
which is in stark contrast to the significantly higher midpoint
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potential for the co(III)rrin to co(II)rrin reduction (35). For the
one-electron reduction process involved in corrin reduction,
the relevant parameters that need to be measured include the
flavin hydroquinone/semiquinone and semiquinone/FAD cou-
ples. However, it was not possible to measure these values
because of the instability of the flavin semiquinone form within
CobR. Nonetheless, the midpoint redox potential of the two-
electron reduction of the flavin in CobR was found to be
—207 = 3 mV. Thus CobR is much more efficient at reducing
the latter, and this is reflected in the relative rates of reduction
of the co(Ill)rrin and co(II)rrin substrates.

The unfavorable reduction of the co(Il)rin intermediate
undoubtedly reflects the very negative redox potential of the
process. One way to overcome this thermodynamically unfa-
vorable reaction would be to couple it to a process that is much
more thermodynamically favorable. Hence, co(Il)rrin reduc-
tion could be coupled with the adenosylation of the corrin. In
support of this idea, we have shown that CobR appears to inter-
act with the B. melitensis CobO (the cob(I)yrinic acid a,c-dia-
mide adenosyltransferase (36, 37), which is sometimes referred
to as CobA or BtuR (38, 39)) through the increase in fluores-
cence polarization observed on the titration of CobO into a
solution of CobR (supplemental Fig. S6). Others have suggested
that corrin reduction may take place on the adenosyltransferase
itself, as co(Il)rrinoids appear to bind in a unique four-coordi-
nate manner on the enzyme to assist in the reduction process
(40). However, as co(Il)rrin reduction can take place in the
absence of the adenosyltransferase, and as the corrin can bind
to CobR, there may be fundamental differences between the
reduction processes that take place during biosynthesis and
salvage.
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