THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 44, pp. 37010-37020, October 26, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

The BioC O-Methyltransferase Catalyzes Methyl Esterification
of Malonyl-Acyl Carrier Protein, an Essential Step in Biotin

Synthesis™

Received for publication, August 13,2012, and in revised form, September 3, 2012 Published, JBC Papers in Press, September 10,2012, DOI 10.1074/jbc.M112.410290

Steven Lin* and John E. Cronan™®'

From the Departments of 1EMicrobiology and §Biochemistry, University of lllinois, Urbana, Illinois 61801

Background: The pimelate moiety of biotin is made by a modified fatty acid synthesis pathway.
Results: The first reaction is O-methylation of the free carboxyl of malonyl-acyl carrier protein.
Conclusion: The methyl acceptor is malonyl-acyl carrier protein and not malonyl-CoA.
Significance: Demonstration of this enzymatic activity completes the E. coli biotin synthetic pathway.

Recent work implicated the Escherichia coli BioC protein as
the initiator of the synthetic pathway that forms the pimeloyl
moiety of biotin (Lin, S., Hanson, R. E., and Cronan, J. E. (2010)
Nat. Chem. Biol. 6, 682—688). BioC was believed to be an
O-methyltransferase that methylated the free carboxyl of either
malonyl-CoA or malonyl-acyl carrier protein based on the abil-
ity of O-methylated (but not unmethylated) precursors to
bypass the BioC requirement for biotin synthesis both in vivo
and in vitro. However, only indirect proof of the hypothesized
enzymatic activity was obtained because the activities of the
available BioC preparations were too low for direct enzymatic
assay. Because E. coli BioC protein was extremely recalcitrant to
purification in an active form, BioC homologues of other bacte-
ria were tested. We report that the native form of Bacillus cereus
ATCC10987 BioC functionally replaced E. coli BioC in vivo, and
the protein could be expressed in soluble form and purified to
homogeneity. In disagreement with prior scenarios that favored
malonyl-CoA as the methyl acceptor, malonyl-acyl carrier pro-
tein was a far better acceptor of methyl groups from S-adenosyl-
L-methionine than was malonyl-CoA. BioC was specific for the
malonyl moiety and was inhibited by S-adenosyl-L-homocys-
teine and sinefungin. High level expression of B. cereus BioC in
E. coli blocked cell growth and fatty acid synthesis.

Biotin (vitamin H) is an essential enzyme cofactor required
by all three domains of life (1, 2). It functions as a covalently
bound prosthetic group that mediates the transfer of CO, in
many vital metabolic carboxylation, decarboxylation, and tran-
scarboxylation reactions (1, 2). Although biotin is essential, our
knowledge of its biosynthesis remains fragmentary. '*C-Label-
ing studies in Escherichia coli indicated that most of the carbon
atoms of biotin are derived from pimelic acid, a seven-carbon
a,w-dicarboxylic acid (3, 4). However, only recently has the
mechanism whereby E. coli assembles the pimeloyl intermedi-
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ate been determined (5). Genetic studies in E. coli identified
bioC and bioH as the only genes essential for biotin synthesis
with unassigned functions (6). Strains having inactive bioC or
bioH genes require biotin for growth, but biotin can be replaced
by any of the later pathway intermediates including 7-keto-8-
aminopelargomic acid (formal name 8-amino-7-oxo-nonanoic
acid) (6). Because 7-keto-8-aminopelargomic acid is readily
synthesized in vitro from a thioester-linked pimeloyl moiety
and L-alanine (6), BioC and BioH were assigned roles in pime-
late synthesis. Various workers have proposed contradictory
roles for BioC in biotin synthesis (7, 8). However, these propos-
als not only lacked supporting data but also failed to address the
fundamental problem of how to assemble an «,w-dicarboxylic
acyl chain.

Previously we reported the pathway of pimeloyl moiety syn-
thesisin E. coli (5) (Fig. 1). In the pathway BioC and BioH do not
directly catalyze the synthesis of pimelate but instead provide
the means to allow fatty acid synthesis to assemble the pimelate
moiety (Fig. 1). BioC catalyzes transfer of the methyl group of
S-adenosyl-L-methionine (SAM)? to the w-carboxyl group of
malonyl-thioester of either CoA or acyl carrier protein (ACP) to
form an O-methyl ester. The product then becomes the primer
for the synthesis of pimeloyl-ACP by the fatty acid synthetic
pathway. Methylation of the free carboxyl group of the malo-
nyl-thioester was essential because of the extremely hydropho-
bic nature of the active sites of the fatty acid synthesis proteins
(9). The methyl ester moiety neutralizes the carboxylate nega-
tive charge and mimics the methyl end of the monocarboxy-
lates normally found in fatty acid synthesis. Two rounds of the
standard fatty acid reductase-dehydratase-reductase reaction
sequence results in the ACP thioester of w-methyl pimelic acid
(Fig. 1). At this stage the methyl group must be removed by
BioH to block further elongation to azelayl-ACP methyl ester, a
physiologically useless product (5). Moreover, the freed car-
boxyl group will later be required for the essential covalent
attachment of biotin to its cognate enzymes (10). Although our
prior work produced a pathway firmly based on both in vivo and
in vitro data (5), a shortcoming was that our only source of BioC

2 The abbreviations used are: SAM, S-adenosyl-L-methionine; ACP, acyl carrier
protein; TCEP, tris(2-carboxyethyl)phosphine.
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FIGURE 1. Schematic of the synthetic pathway of the biotin pimeloyl moiety in E. coli. The pathway proceeds from A to D. The methyl groups are colored
gray. A, the biotin synthetic pathway is initiated by BioC-catalyzed methyl transfer from SAM to malonyl-ACP. B, the malonyl ACP methyl ester enters the fatty
acid synthetic cycle as the primer. Two rounds of the fatty acid chain elongation cycle gives pimeloyl-ACP methyl ester. C, pimeloyl-ACP methyl ester is
hydrolyzed by BioH to form pimeloyl-ACP, which is a substrate for BioF. D, BioF begins assembly of the biotin rings by catalyzing the pyridoxal phosphate-de-
pendent decarboxylative condensation of pimeloyl-ACP and L-alanine. KAPA, 7-keto-8-amino-pelargonic acid (also called 8-amino-7-oxononanois acid). The

pathway is given in greater detail in Refs. 5 and 6.

was the E. coli protein solubilized from inclusion bodies. These
preparations had very low activities that precluded direct enzy-
matic assay, although activity could be detected by bioassays.
As previously reported by others (11), when overexpressed,
E. coli BioC was invariably insoluble, either the native protein
or as various affinity-tagged versions. In vitro protein synthesis
also failed to yield detectable amounts of E. coli BioC. Given this
situation we surveyed BioC proteins from a diverse set of bac-
teria for the ability to functionally replace E. coli BioC in vivo
and for solubility upon high level expression. We now report
the enzymatic properties of Bacillus cereus BioC.

EXPERIMENTAL PROCEDURES

Materials—The defined medium was M9 (12) supplemented
(final concentrations) with 0.2% glucose, 0.1% vitamin assay
casamino acids and 1 pg/ml thiamine except when 0.2% arabi-
nose replaced glucose. RB medium contained 10 g of tryptone,
1 g of yeast extract, and 5 g of NaCl per liter of H,O. 2XYT
medium contained 16 g of tryptone, 10 g of yeast extract,and5 g
of NaCl per liter of H,O. M9 was added as a buffer to LB, RB,
and 2XYT media to give LB-M9, RB-M9, and 2XYT-M9 media,
respectively. Agar was added to 1.5%. PMSF (Sigma-Aldrich)
was dissolved in ethanol to 100 mm. E. coli ACP (apo form),
Mtn (E. coli 5'-methylthioadenosine/S-adenosylhomocysteine
nucleosidase), and Sfp (a Bacillus subtilis phosphopantetheinyl
transferase) were prepared from strains DK574/pJT94, ER103,
and NRD4 -33, respectively, strictly according to the protocols
published previously (13—15).

Plasmid Constructions—Plasmids and oligonucleotide prim-
ers are listed in Table 1. The E. coli metK gene was PCR-ampli-
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TABLE 1
Bacterial strains, plasmids, and primers

Strains Relevant characteristics References
DK574/p]T94 Apo-ACP expression strain Ref. 32
ER103 Mtn expression strain Ref. 14
NRD4-33 Sfp expression strain Ref. 33
NRD204 MG1655 AaraBAD::cat Ref. 34
STL23 MG1655 AbioC::FRT Ref. 5
STL204 Tuner (DE3)/pSTL29 BioC expression strain  This study
STL215 Tuner (DE3)/pSTL27 MetK expression This study

strain
Plasmids Relevant characteristics References
37454 pJexpress401 plasmid carrying a synthetic B. cereus ~ DNA2.0 Inc.
ATCC10987 bioC gene
pSTL27  pET28b+ plasmid encoding E. coli metK gene with a  This study
hexahistidine tag fusion at C terminus
pSTL28  pET28b+ plasmid encoding B. cereus BioC with a This study
C-terminal hexahistidine tag
pSTL29  pET28b+ plasmid encoding native B. cereus BioC This study
pSTL30  pBAD24 plasmid encoding native B. cereus BioC This study
Primers Sequence 5’ to 3’
A77 CTC ACA ATT CCA CAACGG TTT CCC TCT AG
A78 CTT GGG GAC TCG AGA CGC TTA CC
B13 GCG TTA GTA GCA CCACCACCAC
B14 GGT GGT GCT ACT AACGCT TACCCT C
B15 CGG TGA GCT TCG ATC AAT ACGC
Bl6 GAT CGA AGCTCA CCG CAGC
B17 CCT ACAACGTTATCATTAGCAACGC
B18 GAT AACGTT GTA GGT TTCTTC CAAACGC
B19 CCA GCAACT GCATGCGAGC
B20 GCA GTT GCT GGA AAG TTT CCT G
B21 GCT ACCTTT CACGCG TTG TTT GTCC
B22 GCG TGA AAG GTAGCCATGATGC
B23 CCT TGG GGA AGCTTAACG CTT ACCC
B24 TTA GGT GAT ATT AAC CAT GGC AAA ACA CC
B25 CGC AGG TGA AGA ACT CGA GCT TCA GACCGG C

fied from MG1655 genomic DNA using oligonucleotides B24
and B25. The DNA product was digested with Ncol and Xhol
and ligated to vector pET28b+ digested with the same enzymes
to give plasmid pSTL27. The B. cereus ATCC10987 bioC gene
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was synthesized in codon-optimized form by DNA2.0 Inc. and
provided as plasmid 37454. For high level expression, the gene
was PCR-amplified from plasmid 37454 using oligonucleotides
A77 and A78. The DNA fragment was digested with BspHI and
Xhol and ligated to pET28b+ digested with Ncol and Xhol to
give plasmid pSTL28, which encoded BioC having a C-terminal
hexahistidine tag. Subsequently two stop codons were inserted
at the end of the bioC coding sequence by site-directed PCR
mutagenesis using oligonucleotides B13 and B14 to give
pSTL29 encoding the native untagged protein. For genetic
complementation assays, the bioC gene was PCR-amplified
from plasmid 37454 using oligonucleotides A77 and B23. The
DNA fragment was digested with BspHI and HindIII and
ligated to pBAD24 (digested with Ncol and HindIII) to give
pSTL30. Mutations of the bioC gene were constructed by
QuikChange site-directed PCR mutagenesis (Stratagene) using
the following oligonucleotide sets: Y18F (B15 and B16), D110N
(B17 and B18), E153A (B19 and B20), and Y256F (B21 and B22).
Plasmid DNAs were extracted using QIAprep Minipreps
(Qiagen). The constructs were verified by DNA sequencing by
the Carver Biotechnology Center Core Sequencing Facility of
the University of Illinois at Urbana-Champaign.

Purification of B. cereus BioC—The native form of B. cereus
BioC was expressed in strain STL204 as follow. The strain was
inoculated into 5 ml of LB medium supplemented with 50
pg/ml kanamycin and grown overnight at 30 °C. The culture
was transferred to 500 ml of LB-M9 medium supplemented
with 50 ug/ml kanamycin and shaken at 37 °C for 6 h. The cells
were harvested by centrifugation and resuspended in 10 ml of
LB medium supplemented with 50 wg/ml kanamycin. The cell
suspension (2.5 ml) was added to 1 liter of 2XYT-M9 medium
containing 50 ug/ml kanamycin and 0.5 um isopropyl thioga-
lactopyranside. The culture was shaken at room temperature
for 17 h. The cells were harvested by centrifugation, and the cell
pellet was stored at —80 °C.

The cells were suspended in purification buffer which was 25
mM MES (pH 6), 0.1 M LiCl, 10% glycerol, and 5 mm tris(2-
carboxyethyl)phosphine (TCEP) containing 10 mm PMSF.
DNase I (Sigma) 5 ug/ml was added, and the cells were lysed by
two passages through a French pressure cell at 17,500 p.s.i. The
soluble cell extract was obtained by centrifugation at 20,000 X
gand filtration through a 0.45-um filter (Millipore). All subse-
quent protein purification steps were performed at 4 °C on an
ACTA Purifier FPLC using columns from GE Healthcare Life
Sciences. The extract was loaded at 2 ml/min into a HiTrap SP
FF column that had been equilibrated with purification buffer.
The column was washed with purification buffer containing 0.2
M LiCl. BioC was eluted with purification buffer containing 0.3
M LiCl, and the volume of the BioC eluate was concentrated to
20 ml with an Amicon centrifugal filter (molecular mass cutoff
of 10 kDa) (Millipore). Twenty ml of purification buffer con-
taining 2 m (NH,),SO, was added slowly to the BioC eluent to
give 1 m (NH,),SO, final concentration. The mixture was fil-
tered through a 0.45-um filter before loading into a HiTrap
phenyl-Sepharose column at 2 ml/min. The column was
washed with purification buffer containing 1 m (NH,),SO,.
BioC was eluted by a linear gradient to decrease the (NH,),SO,
concentration from 1 M to 0 over 10 column volumes. The BioC
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fractions were combined, and the volume was reduced to ~3 ml
using an Amicon centrifugal filter (molecular mass cutoff of 10
kDa). Finally, BioC was purified in a HiLoad 26/60 Superdex
200 column in 25 mm MES (pH 6), 0.2 M NaCl, 10% glycerol, and
1 mm TCEP. Protein concentration was determined by Brad-
ford assay, and protein purity was analyzed by SDS-PAGE and
Coomassie Blue staining.

Preparation of SAM—A C-terminal hexahistidine-tagged
MetK protein was expressed in strain STL215. The strain was
inoculated into 5 ml of LB medium supplemented with 50
pg/ml kanamycin at 30 °C and grown overnight. The cells were
diluted 1:100 into 300 ml of LB-M9 medium supplemented
with 50 ug/ml kanamycin. The culture was incubated at 37 °C
for 4.5 h. Isopropyl thiogalactopyransoide was added to 10 um
to induce protein expression for 2 h at 37 °C. The cells were
harvested and resuspended in 9 ml of BugBuster Master Mix
(EMD) and incubated at room temp for 40 min for lysis. Twenty
ml of loading buffer (25 mm HEPES, pH 7.5, 0.5 M NaCl, 20%
glycerol, 5 mm TCEP, and 20 mM imidazole) was added, and the
mixture was centrifuged at 20,000 X g to remove cell debris.
The supernatant was incubated with 1.5 ml of nickel-nitrilotri-
acetic acid (Qiagen) at 4 °C for 30 min. The resin was trans-
ferred to a 10-ml column. The column was washed once with 20
column volumes of loading buffer and then 40 column volumes
of loading buffer containing 60 mm imidazole. The protein was
eluted in loading buffer containing 500 mm imidazole and dia-
lyzed against 25 mm HEPES (pH 7), 0.2 mm KCl, 10% glycerol,
and 1 mm TCEP at 4 °C overnight. Protein concentration was
determined by Bradford assay (Bio-Rad).

The enzymatic synthesis of SAM was adapted from Park et al.
(16) and Farrar et al. (17). The reaction consisted of 100 mm
Tris-HCI (pH 8), 200 mm KCl, 100 mm MgCl,, 20% acetonitrile,
50 mm ATP, 20 mm Met, and 0.12 mm MetK and incubated at
37 °C for 2 h. One ml of 4 M sodium acetate (pH 4) was added,
and the mixture was incubated on ice for 10 min to precipitate
MetK. Ten ml of 0.2 M sodium acetate (pH 4) was added to the
supernatant, and the mixture was transferred to a 1.5-ml
Amberlite CG50 column that was equilibrated with 15 column
volumes of 0.2 M sodium acetate. The column was washed with
15 column volumes of 0.2 M sodium acetate. SAM was eluted in
0.1 M H,SO, containing 10% ethanol (pH ~1) and stored at
—80 °C. The concentration of SAM was determined by A,
using an extinction coefficient of 14,700 M~ * cm ™~ *. The purity
of SAM was analyzed by HPLC. The samples were injected onto
a Waters uBondapack C18 column and eluted with a linear
gradient from 0.2 M ammonium acetate to methanol for 6 min
at a flow rate of 0.7 ml/min at room temperature. ATP, SAM,
and methylthioadenosine were monitored at 260 nm. A work-
ing solution of [methyl->’H]SAM was prepared by mixing the
synthesized SAM with PerkinElmer Life Sciences [methyl-
3H]SAM (80.7 Ci/mmol) at a molar ratio of ~720:1. The final
concentration was adjusted to 1 mm with 10 mm H,SO, (pH
~1) and 10% ethanol. The specific activity was 91.3 cpm/pmol
of [methyl->H]SAM.

The LC-MS/MS analysis was performed by the Carver
Metabolomics Center at University of Illinois at Urbana-
Champaign with an Agilent mass spectrometer (MSD Trap
XCT Plus) equipped with an 1100 Agilent LC Chemstation
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(version B.01.03) was used for data acquisition and processing.
The HPLC flow rate was set at 0.3 ml/min. HPLC mobile phases
consisted of A (15 mm ammonium formate in H,O) and B (15
mM ammonium formate in methanol). The autosampler was
kept at 5 °C. The injection volume was 5 ul. A Phenomenex
Synergy 4-um Fusion column (4 m, 100 X 4.6 mm) was used for
the separation with the following gradient: 0—2 min, 98% A;
10-15 min, 0% A. The mass spectrometer was operated under
positive electrospray ionization. The electrospray voltage was
set to 3500 V with a scan range of m/z 100-600 and a drying
temperature of 350 °C with the nebulizer at 35 p.s.i. and dry gas
at 8 liters/min.

Preparation of Malonyl-ACP—Malonyl-ACP was synthe-
sized from ACP (apo form) and malonyl-CoA (Sigma-Aldrich)
using Sfp, a B.subtilis phosphopantetheinyl transferase, as
described previously (15). The reaction consisted of 100 mm
MES (pH 6), 10 mm MgCl,, 10 um Sfp, 0.5 mm ACP, and 0.75
mM malonyl-CoA. Acetyl-ACP, succinyl-ACP and glutaryl-
ACP were prepared by the same procedure, from acetyl-CoA,
succinyl-CoA, and glutaryl-CoA, respectively. Malonyl-ACP
methyl ester was synthesized by BioC using malonyl-ACP and
SAM as substrates. The reaction contained 100 mm Tris-HCI
(pH 7.5), 10 mm MgCl,, 10% glycerol, 200 mm NaCl, 0.3 um
BioC, 3 um Mtn, 0.5 mm malonyl-ACP, and 1 mm SAM. The
reactions were incubated at 37 °C for 1 h. ACP products were
purified using a Vivapure D column and analyzed by gel elec-
trophoresis (13). To verify BioC methylation, malonyl-ACP and
malonyl-ACP methyl ester were dialyzed against 2 mm ammo-
nium acetate in a 3-kDa molecular mass cutoff dialysis cassette
(Pierce) at 4 °C overnight. The ACP species were dried under
vacuum, and the mass was analyzed by MALDI-TOF/electros-
pray ionization mass spectrometry at the University of Illinois
School of Chemical Sciences Mass Spectrometry Laboratory.

BioC Methyltransferase Assay— The 50-ul reaction consisted
of 100 mm sodium phosphate buffer (pH 7), 20 mm MgCl,, 100
mm NaCl, 20% glycerol, 20 nm Mtn nucleosidase, 100 nm BioC,
malonyl-ACP and [methyl-*H|SAM. To determine the kinetic
parameters for malonyl-ACP and SAM, the concentrations of
[methyl-*H]SAM and malonyl-ACP were fixed to 100 and 75
M, respectively. A premix lacking BioC equivalent to 6.5 reac-
tions was prepared and incubated at 37 °C for 1 min. The reac-
tions were then initiated by adding BioC. A 50-ul sample was
taken from the premix vial at each time point and transferred
into a 1.5-ml tube in dry ice to quench the reaction. The ACP
product was purified from [methyl-*H]SAM using Macro-Prep
High Q resin (Bio-Rad) as follows. One ml of washing buffer (50
mM sodium acetate, pH 4.5, and 25 mm NaCl) was added to the
50-ul reaction sample followed by 100 ul of Q resin (50% slurry
in 20% ethanol), and the mixture was incubated for 5 min for
ACP binding. The resin was pelleted by centrifugation, and the
pellet was resuspended in 1 ml of washing buffer and again
centrifuged. This process was repeated four more times, and
then the ACP species were eluted by adding 1 ml of washing
buffer containing 0.5 M NaCl. The eluent was mixed thoroughly
with 4 ml of Bio-Safe II scintillation fluid (Research Products
International Corp.), and *H radioactivity was determined in a
Beckman LS6500 scintillation counter. Other acyl-ACPs and
malonyl-CoA were assayed by the same procedure except that
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in purification of CoA species, 25 mm MES (pH 6) was used in
place of sodium acetate. All reactions were repeated three
times, and Michaelis-Menten kinetic parameters were deter-
mined by OriginPro 8.6.

ACP is larger and contains more negative charges than the
single acidic group of CoA and hence binds more strongly to ion
exchange resins than CoA. We tested the relative binding effi-
ciencies of ACP and CoA to the Q resin, by use of ['*C]malonyl-
CoA. The binding capacity of the Q columns was sufficient to
capture 400 nmol of malonyl-CoA (equivalent to 8 mM in a
50-ul reaction). After extensive washing, there was ~20% loss
of bound malonyl-CoA, suggesting that BioC activity on malo-
nyl-CoA was slightly underestimated. However, the leaching of
CoA from the Q resin was insignificant relative to the differ-
ences in BioC activity on malonyl-CoA versus malonyl-ACP.

Phospholipid Labeling Assay—Derivatives of E. coli strain
NRD204 carrying either a plasmid-encoded bioC wild-type
gene or a mutant gene were inoculated into 5 ml of RB-M9
medium supplemented with 25 ug/ml of tricarcillin:clavu-
lanate (15:1) and grown at 30 °C overnight. One hundred ul of
the cells were subcultured in 100 ml of RB-M9 medium supple-
mented with 25 pg/ml of tricarcillin:clavulanate (15:1) and
incubated at 37 °C. Cell growth was monitored by absorbance at
260 nm every 20 min. Arabinose was added to 0.2% (w/v) to
induce BioC expression when the A, .. reached 0.3. To
determine the rates of phospholipid labeling, 1-ml samples of
cultures were transferred to 15-ml tubes containing 5 uCi of
sodium [1-**CJacetate (55.5 mCi/mmol from American Radio-
chemicals) and incubated at 37 °C for 20 min. Three ml of a
chloroform:methanol mixture (1:2) was added and mixed thor-
oughly by vortex mixing to extract the lipids, and the sample
was stored at 4 °C overnight. Lipid extraction began by mixing
in 1 ml of chloroform and then 1 ml of H,O. The mixture was
centrifuged at 4,000 X g to accelerate partitioning into two
phases. The bottom (chloroform) phase was transferred to a
new tube, and the solvent was evaporated under nitrogen. The
lipid pellet was dissolved in 50 ul of chloroform:methanol (2:1)
and spotted on a silica G thin layer chromatography plate. The
phospholipids were resolved by TLC using a solvent system
which consisted of chloroform:methanol:acetic acid (65:25:8).
Incorporation of [**Clacetate into lipids was detected by
autoradiography.

RESULTS

Soluble Expression and Purification of B. cereus BioC—A
large assortment of expression constructs, growth conditions,
and host cells failed to give soluble E. coli BioC and thus we
resorted to screening putative BioCs from other bacteria. The
BioCs from bacteria closely related to E. coli had the same recal-
citrant behavior as E. coli BioC, and thus we went further afield.
BioC homologues from Kurthia species, Pseudomonas putida,
and Chlorobium tepidum were highly toxic to E. coli and could
not be expressed to high levels. The only amenable BioC homo-
logue found was that of B. cereus ATCC10987. The B. cereus bio
operon is unidirectional and encodes homologues of all of the
E. coli bio enzymes (18). The bioC gene is located between bioH
and bioB, and its coding sequence partially overlaps that of
bioH. This gene arrangement differs markedly from that found
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FIGURE 3. Purification of the native form of B. cereus BioC. A, SDS-PAGE in
which the numbers indicate the protein peaks obtained during the three
chromatographic steps. Lane 1, flow-through of the anion exchange column;
lane 2, eluted BioC fractions from anion exchange chromatography using a
HiTrap SP FF column; lane 3, eluted BioC fractions from hydrophobic interac-
tion chromatography using a HiTrap phenyl-Sepharose column; lane 4,
eluted BioC fractions from preparative size exclusion chromatography using
a HiLoad Superdex 200 column. M, molecular weight standards; Cru, crude
extract. B, elution of purified BioC from Superdex 200 analytical size exclusion
column calibrated with protein standards from Bio-Rad. BioC eluted between
the chicken ovalbumin (44 kDa) and equine myoglobin (17 kDa) protein
standards, indicating a monomeric protein.

in E. coli where the bio operon is transcribed bidirectionally,
and the bioH gene islocated elsewhere in the genome. Although
the sequence of B. cereus BioC shares only 26.5% identity with
E. coli BioC (Fig. 2A), expression of the protein supported
growth of an E. coli AbioC strain in the absence of biotin (Fig.
2B), and mutagenesis of residues conserved between the two
proteins and BioCs encoded by a diverse set of bacteria (Fig. 2A)
resulted in loss of complementation activity in three of the four
mutants constructed. To obtain maximum expression in E. coli,
a synthetic B. cereus bioC gene in which the codons had been
altered to those favored by E. coli was used. The native protein
was expressed in E. coli in soluble form by overnight expression
at room temperature. B. cereus BioC was purified to apparent
homogeneity in three chromatographic steps using anion
exchange chromatography followed by hydrophobic interac-
tion chromatography and size exclusion chromatography as
shown by denaturing gel electrophoresis and analytical size
exclusion chromatography (Fig. 3). BioC eluted from the size
exclusion column as a protein of 31.2 kDa, indicating that it is
monomeric in solution (Fig. 3B). The protein was stable
throughout purification, assay, and storage.

Assay of BioC Methyl Transfer—The methyl transfer assay
took advantage of the acidic nature of both ACP (pI of 4.1) and
CoA (because of its 3’-phosphate group). Hence substrates in
thioester linkage to either ACP or CoA bound the anionic Q ion
exchange resin, whereas the positively charged methyl donor,
[methyl-*H]SAM, passed through the column.
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SAM is a highly unstable molecule (17, 19). The biologically
active (S,S) configuration of SAM is prone to spontaneous rac-
emization at the sulfonium center to yield the inactive (R,S)-
diastereomer (19). SAM can also spontaneously degrade by
intramolecular S,;2 attack of the methionine carboxylate on the
y-carbon into methylthioadenosine and homocysteine (19).
Typically commercial SAM is extracted from yeast and purified
by HPLC to give preparations containing only ~43% of (S,S)-
SAM, the biologically active species, with the remainder com-
posed of the racemized species, degraded products such as
S-adenosylhomocysteine (SAH) and as much as 10% of uniden-
tified substances (17). These contaminants are known to inter-
fere with SAM-dependent enzymes and are difficult to remove
(17). To obtain reliable kinetics, we enzymatically synthesized
(S,S)-SAM from ATP and L-methionine using the E. coli MetK
SAM synthetase (Fig. 4, A and B). SAM was purified to homo-
geneity by weak ion exchange chromatography (Fig. 4C). The
product was stable in sulfuric acid at —80 °C and gave the
expected mass and fragmentation products in LC-MS and LC-
MS/MS analyses (Fig. 4, D and E). The synthetic SAM was
mixed with commercial enzymatically prepared [methyl-
*H]SAM to a specific activity of 91.3 cpm/pmol of [methyl-
3H]SAM. Note that the Mtn (also called Pfs) nucleosidase that
cleaves the glycosidic bonds of SAH (and methylthioadenosine)
was included in the assay to prevent inhibition of BioC by the
SAH generated in the methyl transfer reaction.

We tested malonyl-ACP and malonyl-CoA as BioC methyl
acceptor substrates and found that malonyl-ACP was a much
better substrate than malonyl-CoA (Fig. 5). Holo-ACP, acetyl-
ACP, succinyl-ACP, and glutaryl-ACP were also assayed and no
methyl transfer was detected, indicating that BioC specifically
targeted malonyl-ACP. Malonyl-CoA methylation occurred,
but only at much higher substrate concentrations. Under the
same reaction conditions, BioC required 8 mm malonyl-CoA to
achieve 50% of the activity obtained from 0.05 mm malonyl-
ACP (Fig. 5). The product of methyl transfer to malonyl-ACP
was demonstrated to be malonyl-ACP methyl ester by mass
spectral analysis (Fig. 6). We also tested glutaryl-CoA, succinyl-
CoA, and methylmalonyl-CoA as substrates at both 4 and 8 mm
in parallel with malonyl-CoA. Only malonyl-CoA acted as a
methyl acceptor (data not shown), indicating that BioC is spe-
cific for the malonyl moiety irrespective of the thioester-linked
moiety.

In further analyses, the pH profile of B. cereus BioC was
determined, and the highest methyl transfer activity was at pH
7 in a sodium phosphate buffer. Within the pH range 5-7.5, the
activity remained above 50% but decreased drastically outside
this range (Fig. 7A). B. cereus. The addition of metal ions or
EDTA to the reaction neither enhanced nor reduced BioC
activity significantly (Fig. 7B). The kinetic parameters for mal-
onyl-ACP (Fig. 7C) and SAM (Fig. 7D) were determined in
sodium phosphate buffer at pH 7.

Potent Inhibition of BioC Methyl Transfer by SAH and
Sinefungin—In general SAM-dependent methyltransferases
are inhibited in a competitive manner by SAH, the product of
methyl transfer, and as expected SAH inhibited BioC in a con-
centration-dependent manner (see Fig. 8). Another potent
methyltransferase inhibitor is sinefungin, a natural antibiotic
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isolated from Streptomyces griseolus (20, 21). Sinefungin, a
steric and electrostatic mimic of SAM, is generally a more
potent methyltransferase inhibitor than SAH (20) and com-
pletely abolished BioC activity at 10 um and reduced BioC
activity by ~60% at 0.1 um (Fig. 8).
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To ascertain the effectiveness of the Mtn nucleosidase
included in the BioC assay, we tested whether Mtn addition
reversed inhibition of BioC by exogenously added SAH. Mtn
addition completely neutralized the effects of 0.1 and 1 um SAH
and partially rescued inhibition by 10 um SAH (Fig. 8). As
expected because of its lack of a sulfur moiety, sinefungin was
not cleaved by Mtn and remained fully inhibitory its presence.
A series of SAM-related compounds were also tested. 5'-De-
oxyadenosine, a byproduct of reaction catalyzed by radical
SAM enzymes such as BioB, was not inhibitory, and nor was
methylthioadenosine, a SAM degradation product. Adenosine
and homocysteine also had no effect on BioC methylation activ-
ity (Fig. 8).

In Vivo Fatty Acid Synthesis Is Inhibited by High Level Expres-
sion of BioC—It has been reported that overexpression of BioC
impaired cell growth; however, the exact cause of BioC toxicity
was unclear (22). We suspected that high levels of BioC expres-
sion would lead to an elevated level of BioC methylation, result-
ing in depletion of the malonyl-ACP pool. Malonyl-ACP is the
building block of the canonical fatty acid synthesis pathway,
whereas malonyl-ACP methyl ester has no known function
other than in biotin synthesis. In fatty acyl chain elongation, the
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w-carboxyl group of malonyl-ACP is decarboxylated by 3-keto-
acyl-ACP synthase. Loss of the terminal carboxylate group
from the malonate moiety results in the formation of a carban-
ion that attacks the 3-ketoacyl-ACP synthase acyl enzyme
intermediate (23). Methylation of the malonate w-carboxyl
group would block this decarboxylative condensation and thus
fatty acid synthesis. Indeed, high level production of BioC
should mimic the effects of inactivating FabD (24), the enzyme
that converts malonyl-CoA to malonyl-ACP.

To test this scenario, strain E. coli NRD204 carrying a plas-
mid encoding the B. cereus bioC gene under an arabinose-in-
ducible promoter was constructed. As a control we similarly
constructed a strain that expressed the BioC Y18F protein,
which failed to complement E. coli BioC in vivo (Fig. 2B). Induc-
tion of wild-type B. cereus bioC impaired cell growth within an
hour and led to a complete blockage of growth by 3 h (Fig. 9A4).
No growth inhibition was detected in the vector control or in
the absence of the arabinose inducer, indicating that wild-type
BioC caused the growth inhibition. In contrast, induction of
bioC Y18F expression showed normal cell growth in the first
3 h. However, this strain reached the stationary phase sooner
and at a lower density than the vector control and the unin-
duced strain (Fig. 94), suggesting that BioC Y18F retains partial
activity and therefore required more time to deplete the malo-
nyl-ACP pool. The differing activities of BioC Y18F in the com-
plementation assay and the present inhibition assay is
explained by the roughly 100-fold difference in expression lev-
els of the araBAD promoter when repressed (glucose) versus
induced (arabinose) (25).
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To monitor the rates of phospholipid synthesis, the cultures
were sampled at different time points in the growth curve and
incubated with [1-'*C]acetate for 10 min to label the phospho-
lipid fatty acid moieties. The phospholipids were then extracted
from cultures, resolved by thin layer chromatography TLC, and
visualized by autoradiography (Fig. 9B). In the strain expressing
wild-type BioC only a faint phosphatidylethanolamine spot was
detected at the first time point and nothing at the later time
points. As generally seen in E. coli, strains lacking an enzyme
that acts early in fatty acid synthesis, the turbidity of the culture
continued to increase after fatty acid synthesis ceased. This
observation was previously reported with E. coli fadD strains
(24) and other strains blocked early in the fatty acid synthesis
pathway. In contrast the vector control and uninduced strains
continued fatty acid and phospholipid syntheses normally,
whereas as expected from the growth curve, induction of BioC
Y18F expression resulted in reduced phospholipid labeling,
although the reduction was not as severe as that seen upon
expression of the wild-type BioC (Fig. 9B).

DISCUSSION

In prior work we were unable to directly assay BioC methyl-
ation activity because overexpressed E. coli BioC was inactive
and insoluble (5). Solubilization and refolding of E. coli BioC
yielded a weakly active enzyme, the activity of which could be
detected by bioassay of extracts of an E. coli AbioC strain to
which the refolded enzyme had been added (5). No activity
could be detected by direct assay using [methyl->H]SAM and
malonyl-CoA (data not shown). Although the weak BioC activ-
ity was probably due to improper or incomplete refolding of the
protein, other possibilities were inhibitory contaminants in
commercial SAM (17) and that malonyl-CoA was not the cor-
rect substrate. It was also possible that BioC might be an intrin-
sically poor catalyst.

We previously favored malonyl-CoA over malonyl-ACP as
the BioC methyl acceptor (5) because malonyl-CoA methyl
ester seemed likely to take the place of acetyl-CoA, the sub-
strate of 3-ketoacyl-ACP synthase III (FabH), which primes the
synthesis of new acyl chains (23). To our surprise malonyl-CoA
was found to be a poor substrate for BioC. Methylation of mal-
onyl-CoA was detected, but only at high nonphysiological sub-
strate concentrations (Fig. 7). BioC was saturated by 22 um
malonyl-ACP (Fig. 8), whereas the enzyme showed no signs of
becoming substrate-saturated at 8 mm malonyl-CoA (Fig. 6).
Given that the intracellular concentration of malonyl-CoA in
E. coli is 35 um (26), BioC methylation of malonyl-CoA seems
most unlikely to occur in vivo. The ability of BioC to methylate
malonyl moieties linked to either ACP or CoA is not unprece-
dented. Acyl-CoAs are often reasonable in vitro analogues of
acyl-ACPs because they share the 4’-phosphopantetheine
group and both are acidic molecules. When acyl-CoAs are in
vitro substrates for enzymes known to use acyl-ACPs in vivo,
the usual pattern is that the K, values of the acyl-CoAs are
considerably higher than those of the cognate acyl-ACPs,
although the V. values can be similar (27). The present case
fits this pattern, although no malonyl-CoA kinetic constants
could be obtained because we were unable to saturate the
enzyme with the substrate. Note that the ACP moiety of malo-
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nyl-ACP was that of E. coli, whereas the BioC was from
B. cereus, and thus it remains possible that the malonyl-thioes-
ter of B. cereus ACP might be a better methyl acceptor than the
substrate we tested (the residue identity of the E. coli and
B. cereus ACPs is 62%). This caveat aside, it is clear that
B. cereus BioC functions with E. coli ACP both in vivo and in
vitro. The K,, for SAM (1.9 = 0.1 um) falls well within the
physiological concentration of SAM of 200-300 um (26, 28),

37018 JOURNAL OF BIOLOGICAL CHEMISTRY

and thus the enzyme seems well able to compete with the
many SAM-dependent methyltransferases and SAM radical
enzymes.

We previously postulated that BioC might be a poor catalyst
(5) because the cellular demand for biotin is extremely low,
suggesting that BioC might not have undergone evolutionary
selection for catalytic efficiency. Indeed, the BioC k_,, values of
~200s~ " are modest, although not nearly as low as those of the
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FIGURE 9. Toxicity of high level BioC expression. A, the effects of high level
expression of B. cereus BioC on growth of E. coli strain NRD204. The medium
was RB medium either with the inducer of expression (0.2% arabinose) or
without supplementation. Low level expression of Y18F BioC failed to com-
plement a AbioC E. coli strain (Fig. 2). B, samples (1 ml) of the cultures were
taken at six time points during the growth curve and incubated with
[1-"Clacetate for 10 min. Phospholipids were extracted from the pulse-
labeled cultures, resolved by thin layer chromatography, and visualized by
autoradiography. CL, cardiolipin; PG, phosphatidylglycerol; PE, phosphati-
dylethanolamine. The host strain was AaraBAD such that arabinose catabo-
lism would not dilute the acetate pool.

enzymes late in the pathway. For example BioD and BioB, the
last two enzymes of the pathway, are notably poor catalysts,
having reported k., values of 0.06 and 0.002 s %, respectively.
Hence, when compared with BioD (29) and BioB (17), BioC is
an effective catalyst. A rationale for the disparity between the
first and concluding enzymes of the biotin synthetic pathway is
that BioC must have reasonable activity to effectively compete
with the 3-ketoacyl-ACP synthases for malonyl-ACP. However,
if BioC is overly active, it will convert too much malonyl-ACP to
the methylated species and thereby block fatty acid synthesis.
Hence, both BioC activity and expression must be tightly con-
trolled. Because in E. coli (and in all probability B. cereus), the
bioC gene is cotranscribed with the other genes of the pathway,
its level of expression is coordinated with that of the later genes,
and thus the activity of BioC seems set to ensure steady, low
level production of malonyl-ACP methyl ester when biotin is
limiting. Lévy-Schil et al. (22) reported that high levels of BioC
expression impaired growth of E. coli. They postulated that an
early precursor of the biotin synthetic pathway might be
required by another essential metabolic pathway and that
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excess BioC led to deleterious redirection of flux distribution in
primary metabolism or accumulation of a toxic BioC product.
We have shown their first postulate to be correct; fatty acid
synthesis is blocked.

The finding that malonyl-ACP is the BioC methyl acceptor
raises the question of which of the three E. coli 3-ketoacyl-ACP
synthases elongates it to the C5 species. The ACP requirement
rules out synthase III (FabH) leaving synthases I (FabB) and II
(FabF), both of which are known to accept ACP linked primers
(23). Null mutations in either fabB or in fabF fail to engender a
biotin requirement,® and thus elongation of malonyl-ACP
methyl ester is not the exclusive activity of either synthase I or
II. It therefore seems that either enzyme will suffice. Unfortu-
nately, because simultaneous inactivation of both synthases I
and I1 is lethal (because of a lack of fatty acid elongation), a fabB
fabF null mutant strain cannot be tested. We are currently test-
ing the abilities of FabB and FabF to catalyze elongation of mal-
onyl-ACP methyl ester in vitro.

A possible scenario is that FabD, the reversible malonyl-CoA:
ACP transacylase that converts malonyl-CoA to malonyl-ACP
(30), might be able to convert malonyl-ACP methyl ester to
malonyl-CoA methyl ester and thereby provide a substrate for
FabH. However, reversal of the physiological FabD reaction
with malonyl-ACP methyl ester seems very unlikely to occur
because the extant crystal structures show the guanidinium
moiety of a strictly conserved arginine residue (Arg-117 in
E. coli FabD) forms a bidentate salt bridge with the carboxylate
of malonyl-CoA that orients the substrate in the active site (31).
The methyl group of malonyl-ACP methyl ester would pre-
clude salt bridge formation and undergo steric clashes with the
Arg-117 side chain and nearby side chains.

The BioC-BioH pathway is the dominant, but not the only
pathway for synthesis of the biotin pimeloyl moiety (6). Anno-
tated BioC homologues are found in 569 of the 868 complete
bacterial genomes currently available. However, some bacteria
do not encode a recognizable BioC homologue. The docu-
mented exceptions are the a-proteobacteria where FabZ, a pro-
tein closely related to FabH, plays a key role and a subset of the
bacilli that contain a pimeloyl-CoA synthetase (BioW) and Biol,
a cytochrome P450 thought to generate pimeloyl moieties by
chain scission of long chain fatty acyl moieties. Curiously the
BioW-Biol bacilli include only B. subtilis and its close relatives,
whereas the rest of the bacilli (e.g, B. cereus) use the E. coli
pathway. We have recently reviewed bacterial biotin synthesis
(6) and refer the reader to that article for more detail.
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