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Reduction of the cobalt ion of cobalamin from the Co(III) to the Co(I) oxidation state is essential for the
synthesis of adenosylcobalamin, the coenzymic form of this cofactor. A cob(II)alamin reductase activity in
Salmonella enterica serovar Typhimurium LT2 was isolated to homogeneity. N-terminal analysis of the homo-
geneous protein identified NAD(P)H:flavin oxidoreductase (Fre) (EC 1.6.8.1) as the enzyme responsible for
this activity. The fre gene was cloned, and the overexpressed protein, with a histidine tag at its N terminus, was
purified to homogeneity by nickel affinity chromatography. His-tagged Fre reduced flavins (flavin mononucle-
otide [FMN] and flavin adenine dinucleotide [FAD]) and cob(IlI)alamin to cob(II)alamin very efficiently.
Photochemically reduced FMN substituted for Fre in the reduction of cob(Ill)alamin to cob(II)alamin,
indicating that the observed cobalamin reduction activity was not Fre dependent but FMNH, dependent.
Enzyme-independent reduction of cob(Ill)alamin to cob(II)alamin by FMNH, occurred at a rate too fast to be
measured. The thermodynamically unfavorable reduction of cob(II)alamin to cob(I)alamin was detectable by
alkylation of the cob(I)alamin nucleophile with iodoacetate. Detection of the product, caboxymethylcob(I1I)
alamin, depended on the presence of FMNH, in the reaction mixture. FMNH, failed to substitute for
potassium borohydride in in vitro assays for corrinoid adenosylation catalyzed by the ATP:co(I)rrinoid
adenosyltransferase (CobA) enzyme, even under conditions where Fre and NADH were present in the reaction
mixture to ensure that FMN was always reduced. These results were interpreted to mean that Fre was not
responsible for the generation of cob(I)alamin in vivo. Consistent with this idea, a fre mutant displayed
wild-type cobalamin biosynthetic phenotypes. It is proposed that S. enterica serovar Typhimurium LT2 may not
have a cob(III)alamin reductase enzyme and that, in vivo, nonadenosylated cobalamin and other corrinoids are
maintained as co(I)rrinoids by reduced flavin nucleotides generated by Fre and other flavin oxidoreductases.

The biologically active, coenzymic form of cobalamin (Cbl)
contains a 5’-deoxyadenosyl (Ado) group as the upper axial
ligand (Fig. 1). Formation of the C-Co bond between the
cobalt ion and the upper ligand requires that the cobalt ion be
reduced to its +1 oxidation state. Reduction of Co(III) to
Co(I) is thought to proceed in two consecutive one-electron
reductions catalyzed by cob(IlI)alamin reductase (EC 1.6.99.8)
and by cob(II)alamin reductase (EC 1.6.99.9) (36) (Fig. 2). The
product of cob(IT)alamin reductase, a Co(I) corrinoid, is the
substrate for the ATP:co(I)rrinoid adenosyltransferase (CobA)
(EC 2.5.1.17) enzyme that generates the C-Co bond. This bond
is very labile and needs to be reformed to maintain activity.
Hence, this branch of the Ado-Cbl biosynthetic pathway is
essential for coenzyme recycling.

In Salmonella enterica serovar Typhimurium LT2, the CobA
enzyme responsible for the last step of the pathway has been
isolated and partially characterized (30, 31). Although enzymic
activities that can generate reduced corrinoids have been re-
ported and in some cases isolated, the genes encoding the
enzymes responsible for the reductive steps of the pathway
have not been identified in any organism (2, 15, 36).

Reduction of cob(IlT)alamin by crude cell-free extracts of
Clostridium tetanomorphum and Propionibacterium freunden-
reichii showed an absolute requirement for added flavin cofac-
tors (3, 36). In these bacteria and in Pseudomonas denitrificans,
NADH was the preferred source of electrons for the reaction
(2). A system that included thiol compounds, a diaphorase
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enzyme, NADH, and flavin adenine dinucleotide (FAD) was
used to reduce Cbl in P. freundenreichii (3, 15). Interestingly,
this complex-reducing system was replaced by FADH, when
purified preparations of the adenosyltransferase from this or-
ganism were used. The cob(II)yrinic acid a,c-diamide reduc-
tase enzyme of P. denitrificans was isolated and shown to re-
quire the addition of flavin cofactors for activity (2). The
purified enzyme was shown to reduce complete and incomplete
Co(II) corrinoids. Here again, the gene encoding this activity
was not identified.

Extensive efforts to isolate mutants of S. enterica serovar
Typhimurium LT2 defective in corrinoid reduction and adeno-
sylation have failed to identify genetic loci other than cobA (9;
M. V. Fonseca and J. C. Escalante-Semerena, unpublished
results). Hence, we took a reverse genetics approach to the
isolation of the Cbl reductase enzymes with the purpose of
identifying the genes encoding these activities in this bacte-
rium. In this paper, we show that homogeneous NAD(P)H:
flavin oxidoreductase (Fre) (EC 1.6.8.1) enzyme drives the
reduction of cob(IlT)alamin and cob(II)alamin by maintaining
a pool of dihydroflavins (FMNH,, FADH,), not by directly
using cob(IIT)alamin as the substrate. On the basis of this
finding, we propose that S. enterica serovar Typhimurium LT2
may not have or need a cob(III)alamin reductase enzyme. We
also show that reduction of cob(IT)alamin to cob(I)alamin is
detectable in vitro when FMNH, is present in the reaction
mixture. However, the amount of product formed under these
conditions was insufficient for CobA enzyme function.

MATERIALS AND METHODS

In vitro activity assays. (i) Reduction of cob(III)alamin to cob(II)alamin. The
reaction mixture contained: N-(2-hydroxyethyl)piperazine-N'-(3-propanesulfo-
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FIG. 1. Structure of Ado-Cbl. In S. enterica the lower ligand base has been
identified to be 5,6-dimethylbenzimidazole (16).

nic acid) (HEPPS) buffer (pH 8.0, 0.2 pmol), flavin mononucleotide (FMN)
(0.05 wmol), NADH (0.5 wmol), and cob(IIT)alamin (0.06 pmol). The final
volume of the reaction mixture was 0.9 ml. Additional components of the reac-
tion mixture were added using a Hamilton syringe (Hamilton Co., Reno, Nev.)
previously flushed with anoxic water. The reaction mixture was incubated at 37°C
for 2 min, the reaction was initiated by the addition of enzyme, and incubation
was allowed to proceed for 30 min at 37°C under dim light. Cob(IIT)alamin
reductase activity was determined by measuring the decrease in absorbance at
525 nm as a function of time, using the difference in the molar extinction
cocefficient (€) between HOCDbI and cob(IT)alamin at that wavelength (Ags,s = 4.9
M~ em ") (34). A unit of activity was defined as the amount of enzyme required
to generate 1 nmol of cob(Il)alamin per min.

(ii) Reduction of cob(II)alamin to cob(I)alamin. The assay used to detect
enzyme-dependent reduction of cob(IT)alamin to cob(I)alamin was a modifica-
tion of the method reported for the isolation of the cob(II)yrinic a,c-diamide
reductase enzyme of P. denitrificans. This assay relied on the alkylation of the
cob(I)alamin nucleophile (2). The reaction mixture contained the same buffer
used to assay the reduction of cob(IlT)alamin to cob(II)alamin, with the FMN
and NADH concentrations as described above. Iodoacetate (IA), (0.4 pmol) was
added as a chemical trap for cob(I)alamin, and cob(IT)alamin (0.06 pmol) sub-
stituted for cob(Ill)alamin as the substrate. Cob(II)alamin was generated by
anoxic photolysis of methylcobalamin (CH;Cbl) (38). Briefly, a solution of
CH;Cbl in the reaction buffer was degassed with oxygen-free N,, added to a
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methacrylate cuvette (Fisher, Itasca, Ill.) fitted with a red-butyl stopper, and
flushed with oxygen-free N, for 10 min. Photolysis of CH;Cbl was achieved by
irradiating the sample for 5 min with a 150-W lamp placed ~20 cm away from the
cuvette. Conversion of cob(II)alamin to carboxymethyl (CMCbl) was monitored
spectrophotometrically by the increase in absorbance at 525 nm as a function of
time. This assay was used to monitor the purification of cob(II)alamin reductase
activity.

(iii) Corrinoid adenosylation. CobA assays were performed as described pre-
viously (31). To determine if S. enterica serovar Typhimurium LT2 cell-free
extracts or the Fre protein had cob(IT)alamin reductase activity, the corrinoid
adenosylation assay was modified by substituting cell-free extracts or Fre,
NADH, and FMN for potassium borohydride. A unit of CobA activity was
defined as the amount of enzyme that generated 1 nmol of Ado-Cbl per min.
Control experiments for the activity of CobA were performed with potassium
borohydride as described previously (31).

(iv) Flavin reductase assays. Flavin reductase activity was assayed by moni-
toring oxidation of NADH. Activity was assessed spectrophotometrically by the
decrease in absorbance at 450 nm, as a function of time. One unit of activity was
defined as the amount of enzyme required to reduce 1 nmol of FMN (g;59 =
12,200 M~ ' cm ') (8) per min. The assays contained FMN or FAD (0.05 wmol),
NADH (0.5 pmol), and HEPPS buffer (pH 8.0, 0.18 mmol) in a final volume of
0.9 ml. Assays were performed under anoxic conditions to mimic conditions used
in the cob(II)alamin reduction assays (see above).

(v) Photoreduction of FMN and chemical reduction of cob(III)alamin.
FMNH, was generated by photoreduction of coenzyme F,,, in the presence of
potassium oxalate as a source of reducing equivalents (14, 21). Pyrex tubes (13 by
100 mm) were fitted with a red butyl stopper and degassed with oxygen-free N,
for 30 min. Three milliliters of an anoxic solution of 15 mM potassium oxalate in
0.2 M HEPPS buffer (pH 8.0) was anoxically transferred to the tube with a
syringe previously flushed with anoxic buffer. This was followed by the addition
of coenzyme F,, (0.005 wmol) and FMN (0.05 wmol). The solution was illumi-
nated with a tungsten/halogen lamp for approximately 10 min. The headspace of
the tube was constantly exchanged with oxygen-free N, during the procedure.
Spectra of the solution were recorded when bleaching of the flavin solution was
observed. HOCblI (0.05 wmol) was anoxically added to the tube, and reduction of
cob(IIT)alamin to cob(II)alamin was verified spectrophotometrically. After re-
duction of cob(IlI)alamin was deemed complete, IA (0.6 pmol) was added and
alkylation of cob(I)alamin was monitored as described above.

Protein purification. (i) Purification of the cob(II)alamin reduction activity.
(a) Mass culturing of S. enferica serovar Typhimurium LT2. Cells of strain
TR6583 (metE205 ara-9 cob™) were grown aerobically in Vogel-Bonner minimal
medium (35) with the following additions: glucose (35 mM), cobinamide dicya-
nide (CN),Cbi (20 nM), and 1,2-propanediol (12 mM). The latter was used to
induce expression of the cob/pdu regulon under aerobic growth conditions (25).
Cell mass was concentrated using a tangential flow cell concentrated using a
tangential flow cell concentrator (Millipore, Bedford, Mass.), and cells were
harvested by centrifugation at 10,000 X g for 10 min. Cell pellets (60 g [wet wt])
were resuspended in 130 ml of buffer A (50 mM Tris-Cl buffer [pH 8.0] at 4°C,
250 uM dithiothreitol) containing 16 pg of the protease inhibitor phenylmeth-
ylsulfonyl fluoride per ml.

(b) Generation of cell-free extracts. Cell-free extracts were generated by pass-
ing the cell suspension three times through a French pressure cell at 1.4 X 10®
kPa. The cell debris was removed by centrifugation at 40,000 X g for 2 h at 4°C.

(c) AS precipitation. Precipitation of proteins with ammonium sulfate (AS)
was performed at 4°C using finely ground Ultrapure AS (ICN Biochemicals,
Aurora, Ohio). Protein pellets were obtained by centrifugation at 10,000 X g for
10 min at 4°C and resuspended in buffer A. Samples were desalted by dialysis at
4°C for use in subsequent steps. Cob(II)alamin reductase activity precipitated
out of solution at between 30 and 45% saturation with AS.

(d) Anion-exchange chromatography. The sample was loaded onto a DEAE-
cellulose (Sigma) column (1.5 by 20 cm, 35-ml bed volume) equilibrated with
buffer A. The column was developed at a flow rate of 35 ml per h. After the
sample was loaded, the column was washed with 53 ml of buffer A and proteins
bound to the resin were eluted with a 140-ml linear gradient of NaCl (0 to 0.5 M)
in buffer A. Gradient elution was followed by a 53-ml wash with 1 M NaCl in
buffer A.

Ado

[ c-
Collll) Lh* Colll) ;.) Colllj + ATP _CobA +PPP(?)
flavin (red) 2

FIG. 2. Proposed corrinoid adenosylation pathway in S. enterica serovar Typhimurium LT2. Ado, 5'-deoxyadenosine; €™, electron; flavin ,.q), reduced forms of
flavin nucleotides; PPP;, tripolyphosphate (postulated to be the by-product of the CobA reaction in S. enterica (M. V. Fonseca and J. C. Escalante-Semerana,

unpublished results).
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(e) Affinity chromatography. Fractions containing cob(II)alamin reductase
activity from the anion-exchange chromatography step were pooled, concen-
trated using a Centriprep-10 concentrator (Amicon, Beverly, Mass.), and dia-
lyzed against buffer A using a Microdialyzer (Pierce, Rockford, I11.). The dialyzed
sample was loaded onto an FMN-agarose (Sigma) column (0.8 by 4 cm, 2-ml bed
volume). The column was washed with 3.0 ml of buffer A, followed by the
stepwise elution of bound proteins with 20 wM, 50 uM, and 1 mM FMN in buffer
A. Fractions were analyzed by alkylation assays and sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Fractions containing a single
active protein, as judged by Coomassie blue staining, were pooled together,
concentrated using a Centricon-10 microconcentrator (Amicon), and dialyzed
against buffer A using a Microdialyzer (Pierce).

(ii) Purification of the CobA enzyme. Purification of the CobA enzyme was
performed as described previously, without modifications (31).

Protein techniques. Protein concentration was determined by the method of
Kunitz (17). Protein samples were analyzed by SDS-PAGE (18) and stained with
Coomassie blue (26). The N-terminal sequence of purified protein samples was
performed at the Protein/Nucleic Acid Shared Facility at the Medical College of
Wisconsin (Milwaukee, Wis.) as described previously (33).

Genetic techniques. Transductional crosses. Transductional crosses were per-
formed using mutant P22 phage HT105/1 int-201 (27, 28) as described previously
4, 7).

Construction of an S. enterica fre mutant. The fre::kan™ insertion in Esche-
richia coli strain LS1300 (a gift from C. DiRusso) was moved into the S. enterica
chromosome as described previously (13).

Recombinant DNA techniques. (i) General. All plasmid DNA isolations were
performed using a QIAprep Spin Plasmid kit (Qiagen, Chatsworth, Calif.).
Restriction enzymes and T4 DNA ligase were purchased from Promega (Mad-
ison, Wis.) and used according to the manufacturer’s instructions. Vent exo
mutant DNA polymerase was purchased from New England Biolabs (Beverly,
Mass.). Purification of DNA fragments was performed using a QIAquick gel
extraction kit. Pfu Turbo DNA polymerase was purchased from Stratagene (San
Diego, Calif.). All primers used in this study were synthesized by Integrated
DNA Technologies (Coralville, Iowa). DNA sequencing of PCR products and
plasmids was performed at the Nucleic Acid and Protein Facility at the Univer-
sity of Wisconsin-Madison Biotechnology Center. PCR conditions and sequenc-
ing protocols used have been described elsewhere (32).

(ii) Cloning of the E. coli fre gene. The E. coli fre gene was amplified from
plasmid pCD140 using the primers FREPRIMERI1 (5'-TTCAAAAATGGGGC
TGGATG-3') and (—)STRAND FRE (5'-CCTACGGTCGGACTATTTG-3).
The amplification profile was: 94°C for 5 min; 30 cycles of 94°C for 2 min, 45°C
for 2 min, and 72°C for 1 min; 72°C for 10 min; and 4°C for 12 h. The amplified
fragment was purified, cut with Clal and BglII, and ligated into pSU21 (20) cut
with Clal and BamHI enzymes. The resulting plasmid was referred to as pFREI.

(iii) Site-directed mutagenesis. Site-directed mutagenesis of the fre gene using
the three-primer method was performed as described previously (22). An oligo-
nucleotide with the sequence 5'-CGACAGAGAAAGCATATGACAAC-3' was
used to generate an Ndel site immediately 5" of the fre coding sequence using
plasmid pFRE1 DNA as the template. The —40 and reverse primers for
M13mp19 were used as outer primers in the reaction. The PCR product was
purified, cut with HindIII and Xhol, and ligated to plasmid pSU19 (20) cut with
the same enzymes. The resulting plasmid was referred to as pFRE2.

(iv) Overproduction of His-tagged Fre enzyme. Plasmid pFRE2 was cut with
Ndel and Xhol, and the fragment containing fre was purified and ligated to the
overexpression vector pET-15b cut with the same enzymes. The resulting plasmid
was referred to as pFRE3. In this plasmid, expression of fre results in a Fre
protein carrying an N-terminal histidine tag (HisqFre). HissFre enzyme was
overproduced from a 500-ml culture of strain JE4639 on Luria-Bertani broth
containing 100 g of ampicillin per ml. Cells were grown at 37°C with shaking to
an Agso of ~0.9. Isopropyl-1-thio-B-p-galactoside (IPTG) was added to a final
concentration of 400 wM, and incubation was continued for 2 h. After incuba-
tion, cells were pelleted by centrifugation at 10,000 X g for 10 min.

(v) Purification of HisgFre protein. Cell pellets were resuspended in 6 ml of
binding buffer (5 mM imidazole in 20 mM Tris-Cl buffer [pH 7.9] containing 0.5
M NaCl). The cell suspension was broken by sonication using a 550 Sonic
Dismembrator (Fisher) for 10 min (setting of 3, 50% duty). Cell-free extracts
were generated by centrifugation at 40,000 X g for 2 h. His¢Fre protein was
purified from the cell-free extracts by nickel affinity chromatography on a His-
bind resin (Novagen, Madison, Wis.) according to the manufacturer’s instruc-
tions. After the column (1 by 10 cm, 3-ml bed volume) was loaded with cell-free
extract, it was washed with 30 ml of binding buffer followed by 18 ml of the same
buffer containing 0.06 M imidazole. Proteins bound to the resin were eluted with
buffer containing 0.4 M imidazole. Fractions containing homogeneous His¢Fre
were pooled, dialyzed against 50 mM Tris-Cl (pH 8.0) at 4°C containing 1 mM
EDTA, and concentrated using a Centricon microconcentrator (Amicon).

RESULTS

Isolation of cob(II)alamin reductase activity from cell-free
extracts of S. enterica serovar Typhimurium LT2. Initial ap-
proaches aimed at identifying the cob(II)alamin reductase en-
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FIG. 3. Denaturing gel electrophoresis of purified Fre protein. Lane 1, pu-
rified Fre from FMN affinity chromatography; lane 2, molecular mass standards
(numbers at right are in daltons).

zyme of S. enterica demanded the involvement of the CobA
enzyme under two different assay conditions. First, corrinoid
adenosylation was assayed in a reaction mixture that contained
cell-free extracts of the wild-type strain (i.e., the extracts con-
tained chromosomal levels of the CobA enzyme), and cob
(IIT)alamin or cob(IT)alamin as the substrate. The second set
of conditions were as described above, except that homoge-
neous CobA enzyme was added to the reaction mixture, with
the cob(II)alamin reductase activity expected to be provided by
cell-free extracts of the wild-type strain. Neither condition led
to the synthesis of cob(I)alamin, the substrate for the adeno-
syltransferase enzyme (data not shown). To increase the sen-
sitivity of the assay, the cob(I)alamin alkylation assay was used
to detect cob(II)alamin reductase activity. Using this assay, a
cob(Il)alamin reductase activity dependent on FMN and
NADH was detected in cell-free extracts of S. enterica. A
protein with this activity was purified to homogeneity from cell
extracts using conventional liquid chromatography procedures.
The anion-exchange step proved very effective in separating a
large number of contaminating proteins away from the cob(II)
alamin reductase activity (data not shown). A small amount of
enzyme (~250 pg) was isolated from 60 g of cells (wet paste),
indicating that this enzyme was not a very abundant protein.
After the affinity chromatography step, some fractions contain-
ing this activity had a single protein of a molecular mass of
approximately 29 kDa (Fig. 3). N-terminal sequence analysis of
the first 15 amino acids of the purified protein yielded the
sequence TTLSCKVTSVEAITD, a perfect match to the E.
coli Fre (encoded by the fre gene) (11, 29). This finding was
surprising because this enzyme was not expected to catalyze
the reduction of cob(II)alamin to cob(I)alamin given the ex-
tremely low redox potential of the cob(II)alamin/cob(I)alamin
couple (E," = —0.61V [1, 19]). Noteworthy is the fact that this
reduction was monitored using in vitro alkylation assays. Un-
der the conditions of the assay, reduction of cob(II)alamin was
linear with time, but the rate of alkylation of cob(I)alamin did
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FIG. 4. (A) Denaturing gel electrophoresis of purified HisgFre enzyme. Lane
1, Overexpression of HisgFre enzyme in E. coli BL21(N\DE3) cell-free extracts
after IPTG induction; lane 2, molecular weight standards (numbers at right are
masses [in daltons]). (B) Purified HisqFre enzyme after nickel affinity chroma-
tography.

not change with increasing concentrations of Fre protein in the
assay mixture (data not shown). These results suggested that
the generation of cob(I)alamin was not enzymic. To test this
possibility, FMNH, was generated photochemically and was
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added to alkylation assay mixtures devoid of Fre protein and
NADH. Complete reduction of cob(II)alamin was measured
only when a 2:1 ratio of FMNH,, to cob(III)alamin was present
in the reaction mixture.

FMNH,, did not substitute for potassium borohydride in the
reaction catalyzed by the CobA enzyme. CobA-dependent cor-
rinoid adenosylation assays were performed to assess whether
Fre generated the cob(I)alamin substrate for CobA. No CobA
activity was detected under the conditions routinely used to
assay this enzyme. Reaction mixtures containing varying
amounts of Fre (6 to 12 ng), NADH, and FMN failed to
substitute for potassium borohydride in the reduction of cob
(IT)alamin to cob(I)alamin. Control experiments where cob(I-
)alamin was generated with potassium borohydride (31) indi-
cated that the CobA enzyme used in these experiments was
active.

Fre protein is required for reduction of cob(Ill)alamin to
cob(Il)alamin. Reduction of cob(III)alamin by homogeneous
His Fre enzyme (Fig. 4) was tested in vitro by measuring the
rate of reduction of cob(IlT)alamin to cob(IT)alamin (i) under
conditions that assumed cob(III)alamin served as substrate for
Fre and (ii) under conditions where flavin reduction was al-
lowed to proceed to completion before the addition of cob(I1I)
alamin to the reaction mixture. Under the conditions where
cob(IT)alamin was assumed to serve as substrate for Fre, the
rate of cob(Ill)alamin reduction correlated well with the rate
of flavin reduction. Under these conditions, cob(III)alamin
and FMN reduction was linear when the amount of Fre in the
reaction mixture was between 0.2 and 0.45 pg of protein.
Within this range of enzyme, FMN was reduced at a rate of 2.4
to 7.8 nmol of FMNH, per min. Within the same range of Fre
concentration, cob(III)alamin was reduced at a rate of 2.7 to
9.2 nmol per min. In contrast, the rate of reduction of cob(III)
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FIG. 5. Nonenzymic, FADH,-dependent reduction of cob(III)alamin to cob(II)alamin. UV visible spectra, labeled as follows: 1, cob(IlI)alamin alone; 2, FADH,;
3, spectrum of the solution containing FADH, obtained immediately after the addition of cob(IlI)alamin to it; 4, same as spectrum 3, but the spectrum was obtained
2 min after the addition of cob(IIT)alamin. The inset shows overlaid spectra of FAD (labeled A) and authentic cob(IT)alamin (labeled B).
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alamin to cob(II)alamin (Fig. 5) was too fast to be measured
when cob(IIT)alamin was added after FMN or FAD was con-
verted to FMNH, or FADH, (Fig. 5 shows the reaction with
FADH,). These results suggested that reduction of cob(III)
alamin to cob(IT)alamin was not enzymic, but chemical. Thus,
it was inferred that Fre was indirectly driving the reduction of
cob(IlT)alamin to cob(IT)alamin via either FMNH, or FADH,
and that flavin reduction was the rate-limiting reaction for
cob(IIT)alamin reduction. When cob(III)alamin was added to a
solution of photochemically reduced FMNH,, cob(IIT)alamin
reduction was again too fast to be measured, confirming that
this reaction was dependent on FMNH, and that cob(II-
I)alamin was not used as a substrate by Fre.

Phenotypes of an S. enterica fre mutant. The phenotypes of
an S. enterica fre mutant were assessed by their ability to syn-
thesize methionine aerobically when provided with nonadeno-
sylated cobinamide, or anaerobically, by demanding de novo
Cbl synthesis (9). Under aerobic conditions, a cob4 mutant
(lacks adenosyltransferase activity) cannot synthesize Cbl (and
thus is a methionine auxotroph) unless adenosylcobinamide is
provided in the medium (9). Anaerobically, a cobA mutant is
defective in corrin ring biosynthesis and is corrected by addi-
tion of Cbl to the medium (9). If the Fre enzyme were part of
the corrinoid adenosylation pathway in this bacterium, a fre
mutant would be predicted to have a CobA-like phenotype.
The fre mutant did not display a CobA-like phenotype, i.e., it
synthesized adenosylcobalamin de novo under anaerobic con-
ditions and from nonadenosylated cobinamide, indicating that
alternative means of achieving cob(II)alamin reduction exist in
this bacterium.

DISCUSSION

Fre is not responsible for the reduction of cob(II)alamin to
cob(I)alamin. We have demonstrated that Fre can promote
the disproportionation reaction of cob(II)alamin to cob(I)
alamin (39) by always maintaining FMN in a reduced state.
This effect of Fre on cob(II)alamin reduction is indirect, be-
cause photochemically reduced FMN substituted for Fre and
NADH in this reaction. On the basis of this result, we conclude
that reduction of the cob(II)rrinoid via Fre does not require
binding of this substrate to the Fre enzyme. Even though
dihydroflavins have been alluded to be active in corrinoid re-
duction (3, 15), to the best of our knowledge, these observa-
tions were not published. Identification of bona fide cob(II)-
alamin reductase (EC 1.6.99.9) enzymes must demand in vitro
coupling with the CobA enzyme. The lack of coupling between
the Fre and CobA enzymes suggested that the level of cob(I)-
alamin generated by FMNH, oxidation was either below the
K,,, of CobA for this substrate (5.2 uM [31]) or it was reoxi-
dized to cob(II)alamin before binding to CobA. The results of
alkylation assays were misleading due to the reactivity of the
cob(I)alamin nucleophile and the IA electrophile.

Does S. enterica have cob(Ill)alamin reductase enzyme
activity? Reduction of cob(IlT)alamin to cob(II)alamin by
FMNH, suggested that flavin reductase enzymes such as Fre
drive the reduction of cob(IlI)alamin to cob(II)alamin by
maintaining a pool of dihydrofalvins. The existence of FMNH,
and FADH, effectively bypasses the need for a specific reduc-
tase. Organisms like E. coli (and probably S. enterica) and
luminous bacteria have more than one in vitro-detectable fla-
vin reductase enzyme activity (5, 6, 10, 40, 41). Such a redun-
dancy of function makes it likely that cob(II)alamin is the
stable, intracellular form of this coenzyme, which would also
explain why mutant strains defective in cob(Ill)alamin reduc-
tase function have not been isolated. Alternatively, reduction
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of cob(IlT)alamin to cob(I)alamin in S. enterica may be cata-
lyzed by a single enzyme performing two one-electron reduc-
tions. In contrast with S. enterica, mammalian cells contain two
different forms of cob(IIT)alamin reductase (24). Surprisingly,
in this system, nonenzymatic reduction of cob(IlI)alamin by
reducing substrates or low-molecular-weight factors has not
been observed. Cob(IIl)alamin reductase has also been iso-
lated and characterized in the protozoan Euglena gracilis (37).
The E. gracilis and mammalian enzymes do not require FAD
or FMN for the reduction of cob(Ill)alamin. The E. gracilis
enzyme contains FAD or FMN as its prosthetic group (37).

Another plausible explanation for the lack of success in
isolating Cbl reductase mutants could be that one of the re-
dundant functions is required for de novo synthesis of the
corrin ring and another is required for assimilation of exoge-
nous corrinoids. A fre mutant was able to synthesize Ado-Cbl
de novo anaerobically, and it assimilated exogenous corrinoids
both aerobically and anaerobically, suggesting that Fre was not
solely responsible for the reduction of the corrin ring.

Why have S. enterica mutants defective in cob(II)alamin
reduction not been isolated? Genetic approaches that led to
the isolation of CobA mutants did not result in isolation of
mutants defective in corrinoid reduction (9). Exhaustive mu-
tant searches in an fre mutant background failed to isolate
strains with a CobA-like phenotype (adenosylcobinamide
auxotroph) with lesions in genes other than cobA (data not
shown). The difficulty in the identification of the gene encoding
the cob(Il)alamin reductase enzyme would be explained if
cob(Il)alamin reduction in S. enterica were catalyzed by an
essential enzyme, by more than two enzymes (i.e., redundan-
cy), or by an enzyme that may be required for functions other
than cob(IT)rrinoid reduction.

Database searches for putative cobalamin reductases from
known bacterial and archael genome sequences based on prox-
imity to cobalamin biosynthetic genes have not been produc-
tive. Because the genes encoding previously isolated cob(II)
alamin reductase activities in P. denitrificans, C. tetanomor-
phum, and P. freundenreichii were not been identified, it is not
possible to identify homologous proteins in S. enterica based on
sequence homology at this point.

Given the extreme reactivity of the co(I)rrinoid nucleophile,
it is likely that during the synthesis of adenosylated corrinoids,
reduction of co(II)rrinoids occurs on the adenosyltransferase
enzyme once it has complexed with its substrate and ATP.
Precedent for this idea has been provided through in vitro
studies of activation of the cob(II)alamin form of methionine
synthase (MetH) in E. coli (1, 23). In vitro, the reduction of
cob(II)alamin bound to the methionine synthase MetH en-
zyme is catalyzed by reduced flavodoxin (FIdA) (14, 23). In-
teractions between the FIdA and MetH proteins change the
coordination geometry of the cobalt from five-coordinate ge-
ometry to four-coordinate geometry due to the dissociation of
residue His759 of MetH, which replaces the lower ligand base
5,6-dimethylbenzimidazole when Cbl is bound by the enzyme.
The association of FIdA and MetH proteins is specific and
depends on pH and ionic strength (14).

Because the fldA gene is essential (12), the Cob phenotype
associated with a lack of this function is unknown. If FIdA
indeed has a role in corrinoid reduction for adenosylation, this
would imply some differences in the in vitro requirements of
the previously identified reducing systems in other organisms,
since all these systems required the addition of flavins for
activity. The possible involvement of FIdA in corrinoid reduc-
tion and adenosylation in S. enferica is currently under inves-
tigation in our laboratory.
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