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BioMNY proteins are considered to constitute tripartite biotin
transporters in prokaryotes. Recent comparative genomic and
experimental analyses pointed to the similarity of BioMN to ho-
mologous modules of prokaryotic transporters mediating uptake
of metals, amino acids, and vitamins. These systems resemble
ATP-binding cassette-containing transporters and include typical
ATPases (e.g., BioM). Absence of extracytoplasmic solute-binding
proteins among the members of this group, however, is a distinc-
tive feature. Genome context analyses uncovered that only one-
third of the widespread bioY genes are linked to bioMN. Many bioY
genes are located at loci encoding biotin biosynthesis, and others
are unlinked to biotin metabolic or transport genes. Heterologous
expression of the bioMNY operon and of the single bioY of the
�-proteobacterium Rhodobacter capsulatus conferred biotin-trans-
port activity on recombinant Escherichia coli cells. Kinetic analyses
identified BioY as a high-capacity transporter that was converted
into a high-affinity system in the presence of BioMN. BioMNY-
mediated biotin uptake was severely impaired by replacement of
the Walker A lysine residue in BioM, demonstrating dependency of
high-affinity transport on a functional ATPase. Biochemical assays
revealed that BioM, BioN, and BioY proteins form stable complexes
in membranes of the heterologous host. Expression of truncated
bio transport operons, each with one gene deleted, resulted in
stable BioMN complexes but revealed only low amounts of BioMY
and BioNY aggregates in the absence of the respective third
partner. The results substantiate our earlier suggestion of a mech-
anistically novel group of membrane transporters.

biotin transporter � functional genomics � transport systems

B iotin (vitamin H) is an essential cofactor in carboxylation,
decarboxylation, and transcarboxylation reactions in both

prokaryotes and eukaryotes. Recent studies suggest additional
roles for this vitamin in cell signaling, gene expression, and
chromatin structure in mammalian cells (reviewed in ref. 1).
Biotin is synthesized by many bacteria, certain archaea, fungi,
and plants (reviewed in ref. 2). Several metabolic routes seem to
exist for the synthesis of the intermediate pimeloyl-CoA, which
then is converted into biotin in a four-step path encoded by the
universal genes bioF, bioA, bioD, and bioB (3, 4). In plants, the
pathway is distributed between the cytosol and the mitochondria.
At least the final step, catalyzed by biotin synthase, occurs in
mitochondria. This enzyme, a member of the radical SAM
enzyme family, inserts a sulfur atom into dethiobiotin in a
complex reaction that is linked to mitochondrial iron/sulfur
metabolism (2).

Biotin uptake has been analyzed in eukaryotes. In mammalian
cells, the vitamin is transported across the plasma membrane by
a sodium-dependent multivitamin transporter and, at least in
certain tissues, by monocarboxylate transporter 1 (1). In the
naturally biotin-auxotrophic yeasts Saccharomyces cerevisiae and
Schizosaccharomyces pombe, biotin uptake is mediated by unre-
lated proton symporters (5). Surprisingly little is known on the
mechanisms behind biotin transport into prokaryotic cells, and

multiple systems seem to exist. Active transport was observed for
Escherichia coli K-12 �30 years ago (6). Despite extensive
experimental work, knowledge of the complete genome se-
quence, and assignment of the biotin-transport locus to the
75-min genomic region, the gene(s) for the biotin transporter has
not yet been identified. Recent studies by Walker and Altman (7)
suggest that this system in E. coli and related Gram-negative
bacteria not only transports the small vitamin, but in addition
facilitates the uptake of biotinylated peptides with chain lengths
up to 31 amino acid residues.

In 2002, Entcheva et al. (8) reported that mutations in bioM and
bioN lead to reduced biotin uptake in Sinorhizobium meliloti.
Because the products of these two genes share distinct similarity
with CbiO and CbiQ, which are components of prokaryotic cobalt
transporters, it has been proposed that bioMN may encode a biotin
transporter (8). Comparative genomic analysis suggested, however,
that bioY, located adjacent to bioMN in S. meliloti, is more likely to
encode this transporter. bioY genes are widespread among bacterial
and archaeal genomes but are absent from many �-, �-, and
�-proteobacteria, including E. coli. Only a minority of bioY genes is
linked to bioMN (3). Subsequently, Guillén-Navarro et al. (9)
demonstrated that mutations in bioY and bioM in Rhizobium etli
result in reduced biotin uptake and diminished capacity to form
nodules on bean plants, respectively.

In a recent functional genomic and experimental investigation
(10), we presented initial evidence that homologs of CbiO and
CbiQ interact with unrelated membrane proteins to form a huge
group of high-affinity transporters in prokaryotes for the tran-
sition metals cobalt and nickel, and for organic solutes like
biotin. These systems are exceptional in many respects. On one
hand, they contain a typical ATPase (e.g., CbiO and BioM) and
thus resemble ATP-binding cassette (ABC) transport systems.
On the other hand, among several hundred members of this
transporter group, we were unable to identify cognate extracy-
toplasmic binding proteins, which are considered essential for
prokaryotic ABC transporters involved in solute uptake (11).
Moreover, our analysis showed that the CbiMN module of a
bacterial CbiMNQO system has basal cobalt-transport activity,
suggesting a secondary active transport mechanism for CbiMN
in the absence of the ATPase-containing module CbiQO (10).
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In the present study we attempted to analyze the contributions
of BioM, BioN, and BioY to biotin transport using both in silico
and experimental approaches. The BioMNY system of the
�-proteobacterium Rhodobacter capsulatus was chosen for bio-
chemical experiments. Evidence is presented that the single
BioY is a high-capacity biotin transporter in the absence of
BioMN. BioM-mediated ATPase activity, however, is needed to
convert the system into a high-affinity transporter.

Results
Comparative Genomics of Biotin Uptake in Prokaryotes. Homologs of
BioY are widely distributed among bacteria and archaea and
form a unique protein family (pfam02632). Scanning of a
nonredundant set of the sequenced prokaryotic genomes iden-
tified 150 orthologs of bioY in 127 genomes [for groups of BioYs
with �98% amino acid sequence identity, only one ortholog was
included in the set; see supporting information (SI) Table 1 and
subsystem ‘‘Biotin biosynthesis’’ in the SEED database, www.
nmpdr.org/FIG/subsys.cgi]. Among taxonomic groups with the
largest number of organisms possessing at least one bioY or-
tholog are firmicutes (34 species), �-proteobacteria (28 species),
cyanobacteria (15 species), actinobacteria (15 species), and
archaea (13 species). Also, bioY was found in several small
taxonomic groups including Chlamydia, chloroflexi, Thermus/
Deinococcus, Treponema, and Thermotoga. In contrast to �-pro-
teobacteria, bioY genes are absent in most analyzed species from
other subdivisions of proteobacteria (�, �, �, and �). We noted
that many firmicutes and �-proteobacteria possess two (or even
three in Clostridium acetobutylicum) paralogs of bioY (SI Table
1). The phylogenetic analysis of the BioY protein family showed
its considerable heterogeneity. A phylogenetic tree showing the
various subgroups of BioY proteins and including information
about colocalization of their genes and the presence of putative
transcription factor-binding sites is presented in SI Fig. 6. The
proteins from various �-proteobacteria are not clustered to-
gether but dispersed between two very diverged branches of the
tree. The same heterogeneity is observed for BioY proteins in
some other taxonomic groups (firmicutes, actinobacteria, and
Thermus/Deinococcus).

Genome context analysis revealed many cases of chromosomal
clustering of bioY genes with additional components of the biotin
transporter (bioM and bioN), as well as with genes involved in
biotin biosynthesis (bioA, bioD, and bioB in firmicutes and
�-proteobacteria), a hypothetical signal peptidase (lpsA in
cyanobacteria), hypothetical fatty acid synthesis genes (yhfT-yhfS
in firmicutes), and the fab genes in Thermotoga spp. (Fig. 1).
Previous comparative analyses of transcription factor binding
sites (3, 10) proposed that many of these bioY-containing loci are
members of biotin regulons.

Candidate biotin transport operons containing the bioY, bioM,
and bioN genes were mostly found in the groups of actinobac-
teria, archaea, and �-proteobacteria, and in some other species
including Deinococcus radiodurans, Syntrophobacter fumaroxi-
dans, Treponema, Bordetella, and Photorhabdus spp. However,
some species among these groups (Pyrococcus spp., Tropheryma
whipplei, and Sulfitobacter sp.) have bioMN genes that are located
separately from bioY. On the phylogenetic tree of the BioY
proteins, the BioMN-associated paralogs in �-proteobacteria
and actinobacteria form a separate branch, very diverged from
the bioY-encoded copies that are unlinked to bioMN. Interest-
ingly, candidate biotin transport operons in Methanosarcina spp.
and Fusobacterium nucleatum (bioYMMN) contain tandem cop-
ies of the ATPase (bioM) genes. In Desulfovibrio spp., the
candidate biotin transport operon bioYM is incomplete and bioN
is absent from the genome. All other BioY-encoding genomes
lack obvious orthologs of bioMN genes. Overall, the genome
context analysis suggested that only approximately one-third of

BioY proteins is associated with BioMN components (Fig. 1, SI
Fig. 6, and SI Table 1).

Based on these bioinformatic data, previous work on biotin
uptake in rhizobia (8, 9), and the distinct similarity of BioMN to
the CbiOQ and NikOQ modules of prokaryotic cobalt and nickel
transporters (10), we hypothesized that BioM, BioN, and BioY
may encode a tripartite, modular biotin-uptake system. bioM
genes encode standard ATPases with the typical Walker A, Q
loop, signature (LSGGQ), Walker B, and H motifs (see ref. 11
for a review on ABC proteins). In silico topological analyses of
a multitude of BioN and BioY proteins using the algorithms on
the PONGO (12) and PREDICTPROTEIN servers and PEP-
WINDOWALL for multiple hydropathy profile alignments re-
sulted in the models shown in Fig. 1. A four-transmembrane-
helix architecture with a C-terminal extension in the cytoplasm
is predicted for most bacterial BioN proteins. This extension
contains two amphipathic helices and the signature (E/D)A(Q/
X)(R/K)ARG(X9)(V/I)P, which resembles the ‘‘EAA’’ loop in
the transmembrane proteins of classical ABC transporters (SI
Fig. 7). Because the EAA loop is in close contact with the
ATPase subunits (13), this signature in BioN is a candidate site
for interactions with BioM. EAA loop motifs are apparently
absent from BioY proteins. For archaeal BioNs, a fifth trans-
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Fig. 1. Bioinformatics-based analysis of biotin-transport proteins. (A) Struc-
ture model for BioM (modeled by the 3D-JIGSAW server, based on similarity
with other ABC proteins, and modified with CHIMERA) and topological mod-
els for BioN and BioY (based on PONGO and PREDICTPROTEIN predictions and
multiple hydropathy profile alignments using PEPWINDOWALL). K42 and ‘‘B’’
indicate a Lys residue in the Walker A region and the Walker B region,
respectively. (B) Genomic context of bioY genes. The most representative cases
of positional clusters with genes encoding components of biotin transporters
(bioM and bioN), biotin synthase (bioB), and other biotin biosynthesis genes
(bioD and bioA), hypothetical lipoprotein signal peptidase (lpsA), and hypo-
thetical fatty acid synthesis genes (yhfTS, fab) are shown.
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