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Background: All organisms use cofactors to extend the catalytic capacities of proteins. Many bacteria and archaea
can synthesize cofactors from primary metabolites, but there are also prokaryotes that do not have the complete
biosynthetic pathways for all essential cofactors. These organisms are dependent on the uptake of cofactors, or at
least their precursors that cannot be synthesized, from the environment. Even in those organisms that contain
complete biosynthetic pathways membrane transporters are usually present, because the synthesis of cofactors
is more costly than uptake.
Scope of review:Herewe give an overview of bacterial and archaeal transport systems for B-type vitamins, which
are either cofactors or precursors thereof.

Major conclusions: Prokaryotic vitamin transporters are extremely diverse, and found in many families of
transporters. A few of these transport systems have been characterized in detail, but for most of them
mechanistic insight is lacking.
General significance: The lack of structural and functional understanding of bacterial vitamin transporters is
unfortunate because they may be targets for new antibiotics. This article is part of a Special Issue entitled
Structural biochemistry and biophysics of membrane proteins. Guest Editor: Bjorn Pedersen.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Cofactors greatly extend the catalytic potential of enzymes, and
allow complex reactions to take place in living cells [1]. B-type vitamins
or derivatives thereof constitute a large group of cofactors. Table 1 lists
the eight diverse molecules (or groups of molecules) known as B-type
vitamins, and the cofactors that are derived from them. The B-type
vitamins are essential nutrients for humans, but can be synthesized by
many prokaryotes [1]. However, numerous bacteria lack the complete
biosynthetic pathways for one or more of these compounds, and there-
fore depend on their uptake from the environment by membrane-
embedded transport proteins. In addition, even the genomes of organ-
isms that encode complete biosynthetic pathways for the vitamins
nergy coupling factor; HET,
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usually also have genes coding for transporters. These organisms can
produce vitamins themselves if needed, but probably prefer to take up
the compounds when available in the environment, because synthesis
requires usually more metabolic energy than transport. For example,
25 mol of ATP are needed for the synthesis of 1 mol of riboflavin [2,3],
whereas transport usually costs two ATP or less, depending on the
transport system.

Vitamin transporters are essential proteins in many bacteria with
incomplete metabolic pathways [4–6], and specific inhibition of the
function of these proteins could be a strategy for new antibiotic devel-
opment. In the past decade the molecular identities of many bacterial
vitamin transporters have been revealed. Computationalmethodologies
(comparative genomics, metabolic reconstruction [7]), in combination
with classical microbiological and biochemical experiments (e.g. [5])
have played amajor role in the recent discoveries, whichwewill review
here.
2. Overview of bacterial solute transport systems

Based on differences in the way solute transport is energized,
membrane transporters are classified in threemajor groups [8]: Primary
active transporters, Secondary transporters and Group translocators. In
this section we will provide a brief overview of themain characteristics
of these three groups.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbagen.2014.05.006&domain=pdf
http://dx.doi.org/10.1016/j.bbagen.2014.05.006
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Table 1
Overview of B-type vitamins and related cofactors.

Vitamin Name Associated cofactor

B1 Thiamin Thiaminpyrophosphate
B2 Riboflavin FMN/FAD
B3 Nicotinic acid, Nicotinamide (Niacin);

Nicotinamide riboside
NAD+/NADP+

B5 Pantothenate Coenzyme A,
phosphopantetheine

B6 Pyridoxine Pyridoxal-phosphate
B7 Biotin
B9 Folate Tetrahydrofolate
B12 Cobalamin Adenosylcobalamin,

methylcobalamin
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Primary active transporters comprise many very diverse protein
families that use chemical, electrical or solar energy sources to transport
substrates across the membrane. Vitamin transporters are found in the
largest and most widespread family of primary active transporters: the
ATP binding cassette (ABC) transporter family [9,10]. ABC transporters
couple ATP hydrolysis to substrate transport. All ABC transporters
share the same architecture: Two soluble nucleotide binding or ATPase
domains or subunits (NBDs) are located on the cytoplasmic side of the
membrane, and two transmembrane domains (TMDs) or subunits are
embedded in the lipid bilayer and constitute the pathway for substrate
translocation [9,10]. TheATPase domains are conserved in structure and
sequence, but the transmembrane domains can adopt different, unrelat-
ed structures. Based on the structural diversity ABC transporters have
been classified in four different types [11]. These types also differ in
details of the transportmechanism. Three of the four types are foundex-
clusively in prokaryotes and are involved in the uptake of nutrients:
Type I and Type II importers and ECF transporters. Type I and Type
II ABC transporters are dependent on periplasmic or extracellular
substrate-binding proteins or domains (SBDs) to bind the transported
substrate and deliver it to the transmembrane domains. The substrate
is then transported along a pathway at the interface between the two
TMDs. Despite these global similarities, the mechanism of transport ap-
pears to be very different between the two types [10]. ECF transporters
do not make use of soluble SBDs, but instead use one of their TMDs (the
S-component) for substrate binding [5,6,12]. The other TMD (The T-
component, or EcfT subunit) together with the two NBDs form the so-
called ECFmodule. Inmany cases the ECFmodule can associatewith dif-
ferent S-components (specific for different substrates, often vitamins)
to form a variety of four-subunit complexes, each transporting a differ-
ent substrate. The fourth ABC transporter type is the exporter, which is
found both in pro- and eukaryotes [11,13]. The prokaryotic exporters
consist of two NBDs and two TMDs and transport substrate out of cells
(or from the inner leaflet of the bilayer to the outer leaflet), and there-
fore are not likely candidates for vitamin uptake. Nonetheless, a recent
study suggests that export-type ABC transporters may in some cases
be involved in import functions (see below).

Secondary transporters belong to many different families, with dif-
ferent tertiary structures, oligomeric states and transport mechanisms
[13–15]. In bacteria secondary transporters often accumulate substrates
in – or deplete them from – cells by coupling substrate transport to the
co- or counter-transport of a secondary substrate, frequentlyNa+orH+.
Primary active transporters (such as P-type ATPases) maintain the
membrane gradients of the secondary substrate. Some secondary trans-
porters do not catalyze coupled transport, but only facilitate the equili-
bration of the pools of the substrate on either side of the membrane in
a process that is named facilitated diffusion. Secondary transporters
usually do not depend on soluble domains or subunits (in contrast to
ABC transporters).

Group translocators chemically modify the substrate during the
transport reaction [7,16]. The phosphotransferase system (PTS) is the
prototypical example of a group translocator, and is used by many
prokaryotes for the import of carbohydrates. For each sugar there is a
specific membrane-embedded protein consisting of the integral mem-
brane domain (enzyme IIC), which contains the translocation pathway,
and two soluble domains (enzymes IIA and IIB), which transfer a phos-
phate group to the carbohydrate once it has reached the cytoplasmic
side of the membrane. Sugar transport and phosphorylation by the
PTS are strictly coupled. Phosphoenol-pyruvate (PEP) is the ultimate
donor of the phosphate group, which is transferred to enzyme IIA via
two proteins that are shared by phosphotransferase systems specific
for different substrates:HPr and enzyme I. Apart from the sugar PTS sev-
eral other transport systems have been loosely classified as group
translocators. In these systems the phosphorylation of the substrate
may not be very tightly coupled to transport, and therefore these sys-
tems could also be classified as secondary transporters that catalyze fa-
cilitated diffusion. Some bacterial vitamin transporters use such a
mechanism of transport (see below). Cytosolic enzymesmay thenmod-
ify the transported substrate, without the need for a strict coupling be-
tween transport and modification.
3. Bacterial and archaeal vitamin transporters

In this section we will give an overview (Table 2) of the known or
predicted prokaryotic transporters for the eight B-type vitamins listed
in Table 1. The diversity of these transport systems is also schematically
summarized in Fig. 2.
3.1. Vitamin B1: Thiamin

Thiamin pyrophosphate (TPP) is the cofactor derived from thiamin.
TPP containing enzymes are involved in cleavage of bonds adjacent to
carbonyl groups, and rearrangements in which an acetaldehyde group
is transferred from one carbon to another [17]. Thiamin consists of a
hydroxyethylthiazole (HET) and a hydroxymethylpyrimidine (HMP)
moiety (Fig. 1). The synthesis of thiamin from these compounds is con-
served in archaea, bacteria and eukaryotes, whereas the biosynthetic
pathways for the two precursors differ substantially [17,18]. Genes for
the biosynthesis and transport of thiamin and its precursors have been
identified by the presence of the thiamin regulatory RNA element (THI
element), which operates as TPP-responsive riboswitch [13,18,19].
Missing parts of the biosynthesis pathways allowed for the prediction
of substrates for the putative transporters [13,20].
3.1.1. Experimentally characterized thiamin transporters

3.1.1.1. ThiBPQ. ThiBPQ is an ABC transporter for thiamin in Escherichia
coli. It consists of the substrate-binding protein ThiB, the transmem-
brane domain ThiP and the NBD ThiQ. Thiamin uptake activity of
E. coli [20–22] was assigned to this transporter, which is encoded by
the sfuABC genes in E. coli and the thiBPQ genes in Salmonella
typhimurium [18,23]. The structure of the entire ThiBPQ complex is
not known, but it is likely to be a Type I ABC importer. The substrate
specificity was determined by structural and functional analysis of
ThiB, which has a characteristic fold for substrate-binding proteins
from ABC transporters, and belongs to cluster D according to the struc-
tural classification of Berntsson et al. [20,24–26]. The structure of the
protein was solved with thiamin monophosphate (TMP) bound
(Fig. 3). ThiB binds TMP, thiamin and thiaminpyrophosphat (TPP)
with very similar dissociation constants in the range of 2.3–7.4 nM
[13,25]. It must be noted that Hollenbach et al. found amuchweaker af-
finity of ThiB for thiamin (KD of 0.8 μM) [24,27], which is difficult to rec-
oncile with most of the other available data. Analysis of thiamin
transport into E. coli revealed a KM of 15.2 nM. The observed first
order rate constant of 1.9 × 10−4 s−1 shows that ThiBPQ transports
only 1 molecule of a thiamin per 90 min [28,29].



Table 2
Overview of bacterial and archaeal transport systems for B-type vitamins.

Substrate Name Transporter type Transporter family Other names References

Thiamin ECF-ThiT ABC transporter ECF transporter YuaJ, lmo1429 [5,13,30,31,122]
ThiBPQ ABC transporter Type I ABC importer tbpA for the SBP sfuABC (E. coli) [23,24]
PnuT Putative facilitator Pnu type of transporter [7,13]
NiaP Secondary transporter MFS [28]
ThiV Secondary transporter SSS [13]
ThiT1/ThiT2 Secondary transporter MFS [13]

HMP CytX Putative secondary transporter Unknown (homologous to NCS1 family) [13]
YkoEDC ABC transporter ECF transporter (thiUVWX⁎) [13]
ThiXYZ ABC transporter Type I ABC importer [13,18,20]

Thiazole ECF-ThiW ABC transporter ECF transporter [5,13]
ThiU Secondary transporter Putative MFS [13]

Riboflavin ECF-RibU ABC transporter ECF transporter FmnP, ypaA (B. subtilis) [5,41,44]
RibM Putative facilitator Pnu type of transporter PnuX [5,44,46]
RibN Unknown Unknown [49]
RfuABCD ABC transporter Probable Type I ABC importer TP0298 [48]
RfnT Secondary transporter MFS AraJ, mlr8412 [44]
RibXY Putative ABC transporter Putative Type I ABC importer [52]
ImpX Unknown Unknown [44]

Niacin and Nicotinamide riboside ECF-NiaX ABC transporter ECF transporter [5,59,60]
PnuC Putative facilitator Pnu type of transporter [60]
NiaP Secondary transporter MFS [28]
NiaY Unknown Unknown [60]

Pantothenate ECF-PanT ABC transporter ECF transporter [5]
PanF Secondary transporter SSS [78,85]

Pyridoxine ECF-PdxU ABC transporter ECF transporter [5]
ECF-PdxU2 ABC transporter ECF transporter [5,35]

Biotin ECF-BioY ABC transporter ECF transporter BioMNY [98]
YigM Secondary transporter [99,101]

Folate ECF-FolT ABC transporter ECF transporter [106]
FBT Secondary transporter MFS [109]

Cobalamin BtuCDF ABC transporter Type II importer [115,116]
ECF-CbrT ABC transporter ECF transporter CbrTUV [5]
Rv1819c ABC transporter Exporter [118]
BtuM Unknown Unknown [119]
BtuN Unknown Unknown [119]

⁎ The name thiUVWXwas proposed instead of ykoEDC by Shyns et al. [32] and used later in a few publications (e.g. [122]). The use of the name thiUVWX is confusing since different
thiamin transport systems are already referred as ThiU, ThiV, ThiW and ThiX. We recommend the use of Yko(F)EDC for this ECF transporter.
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3.1.1.2. ThiXYZ. ThiXYZ is another ABC transporter related to thiamin up-
take consisting of ThiY (the SBD), ThiX (the TMD) and ThiZ (the NBD)
[1,13,28]. The genes thiXYZ are found in organisms of several different
taxonomic divisions and are always preceded by a THI regulatory ele-
ment, except in Thermotoga maritima. Three observations indicate that
HMP rather than thiamin is the substrate of the transporter. First, the
transporter sometimes occurs in organisms lacking the HMP biosyn-
thetic pathway such as Brucella melitensis [1,5,13]. Second, the binding
protein ThiY is similar to enzymes for the HMP biosynthesis in yeast.
Third, the thiXYZ genes co-localize with a HMP kinase gene in the ge-
nomes of many organisms [2,3,7,30,31].

ThiY binds formylaminopyrimidine (FAMP) a precursor of HMPwith
a KD of 200 nM [4–6,13,18] (Fig. 3), suggesting that ThiXYZ indeed is a
FAMP transporter. FAMP is deformylated in the cytoplasm by the
aminohydrolase YlmB and then hydrolyzed by TenA forming HMP [7,
13,18]. The structure of ThiY from Bacillus halodurans was solved at
2.4 Å resolution [5,20]. The protein contains a bound FAMP molecule
in a position similar to TMP bound to ThiB [8,20,32]. The pyrimidine
moiety of FAMP overlaps with the thiazole ring of TMP and the formyl
group with the phosphate group of TMP. A sequence alignment of
several ThiY homologues revealed that only residues interacting with
the pyrimidine ring are conserved, whereas interaction partners for
the formylamino group vary.

ThiXYZ is involved in a thiamin salvage pathway from degraded
forms of thiamin present in soil [9,10,13,18]. It has been speculated
that several closely related ThiXYZ transporters exist for the uptake of
different degradation products containing an intact pyrimidine ring [9,
10,13,20,33]. Alternatively, a single transporter may accept different
substituted pyrimidines present in the soil as substrates for the synthe-
sis of HMP.
In some organisms the genes for the ATPase subunits (NBDs) of
ThiBPQ and ThiXYZ are not encoded in the same operon as the TMDs
and the substrate-binding protein [11,13,34]. In organisms of the
Thermus/Deinococcus group thiQ is absent and B. melitensis and
Agrobacterium tumefaciens lack the thiZ gene. In these cases the ATPase
subunit of a different ABC transporter may complement the incomplete
ABC transporters. Such exchangeability has been observed for other ABC
transporters [10,13,27].
3.1.1.3. NiaP. The gene niaP codes for a secondary transporter of the
major facilitator superfamily (MFS), of which members are widely
spread among pro- and eukaryotes [5,6,12,17,28]. In Thermus
thermophilus niaP is located in a THI regulated operon that also contains
the thiamin biosynthesis genes thiC and thiD. Analysis of the substrate
specificity revealed that NiaP has a role as a thiamin uptake system in
T. thermophilus and does not accept HMP or thiazole as substrates [11,
28]. A more detailed description of the NiaP family will be given in the
section on Niacin uptake below, because most members of the NiaP
family are involved in transport of nicotinate rather than thiamin.
3.1.1.4. ECF-ThiT. Many Firmicutes contain an S-component for thiamin
uptake (ThiT). ThiT associates with an ECF module (EcfAA′T, in which
EcfA and EcfA′ are the NBDs and EcfT is the second TMD), thus forming
a complete ECF-type ABC transporter [5,14,15]. The thiT gene is usually
preceded by a THI regulatory element. The structure of ThiT from
Lactococcus lactis has been determined and the binding of thiamin and
analogues has been studied. ThiT binds thiamin, TMP and TPP with
high affinity (low nanomolar or subnanomolar KD values) [16,30,31].



Fig. 1. Chemical structures of B-type vitamins.
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3.1.1.5. YkoEDC (ECF-ykoE). A different ECF transporter involved in
transport of thiamin or its precursor HMP, termed YkoEDC, is found in
some Gram-positive organisms and archaea [5,13,17]. The two NBDs
are encoded in tandem in a single gene (ykoD), the transmembrane T-
component (EcfT) is encoded by ykoC and the substrate-binding S-
component by ykoE. In Bacillus subtilis there is an additional gene ykoF
present in the operon (ykoFEDC), which will be discussed separately
below. The ykoEDC gene cluster is preceded by a THI regulatory element
and co-localizes with genes involved in thiamin biosynthesis [13,19]. In
genomes lacking both the HMP and HET biosynthetic pathways ykoEDC
is always present together with a putative transporter for HET suggest-
ing that YkoEDC has a role in HMP uptake [13]. Mutational analysis ex-
perimentally confirmed YkoFEDC from B. subtilis to be a transporter for
thiamin or its precursor HMP [21,22,32]. In the same study the presence
of HMP only influenced the expression levels of ykoFEDC but not that of
the other thiamin transporter ECF-ThiT, which supports the role of
Yko(F)EDC as a HMP transporter. The positional clustering of ykoEDC
with tenA a gene encoding a thiaminase is an additional indication of
this role [13,23].

3.1.1.6. YkoF. YkoF is a soluble protein that binds HMP/thiamin. The gene
is present in some operons for ABC and ECF transporters, which are in-
volved in uptake of thiamin precursors. In B. subtilis it is localized in the
ykoFEDC operon and inMesorhizobium loti aswell as in T.maritima in the
ykoF-thiXYZ operon [13,24–26,33]. YkoF is not related to substrate-
binding proteins (SBDs) associated with Type I and Type II ABC trans-
porters or S-components from ECF transporters (such as the SBD ThiY
or the S-component YkoE). Crystal structures of YkoF from B. subtilis
and T. maritima have been determined. YkoF from T. maritima consists
of four ferredoxin-like protomers and YkoF from B. subtilis is a homodi-
mer of protomers with two tandem ferredoxin-like domains. The pro-
tein from B. subtilis has two substrate binding sites per protomer with
different affinities for thiamin (KD values of 10 μM and 250 μM) [25,
34]. Each protomer of YkoF from T. maritima has a binding site for thia-
min (KD value of 1.6 μM) [33]. In both structures of YkoF the HMP moi-
ety of thiamin was well resolved. In the YkoF structure of T. maritima
residual electron density suggested that a mixture of different pyrimi-
dine derivatives was bound in the crystals. Because ykoF is found in
the ykoF-thiXYZ operon it can be speculated that YkoF serves as a cyto-
plasmic acceptor for a variety of pyrimidine derivatives taken up by
the ThiXYZ and YkoEDC transporters.

3.1.2. Predicted thiamin-related transporters

3.1.2.1. ECF-ThiW. ThiW is predicted to be the S-component of an ECF
transporter for the thiazole precursor of thiamin [13,24]. The transport-
er is found in different taxonomic groups (Firmicutes, Archaea or
Chloroflexi). The thiamin-related function of the protein was predicted
based on the presence of a THI element upstream of the gene, and the
substrate specificity for thiazole is predicted by co-localization of thiW
with thiM, a gene that codes for a hydroxyethylthiazole kinase [17,29].
Additionally, in Thermoanaerobacter tengcongensis and Streptococcus
pneumoniae a biosynthetic pathway for HET is missing, which might
be compensated by the function of ThiW as a thiazole transporter [13].

3.1.2.2. Ecf-HmpT. HmpT was originally predicted to be an S-
component specific for hydroxymethylpyrimidine, but was later
reclassified as putative pyridoxin-specific S-component [6,35].



Fig. 2. Overview of bacterial and archaeal transport systems for B-type vitamins. The type of transporter is indicated by the shape and the status of verification by the color. *was initially
identified as HmpT but later renamed to PdxU2 [35].
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3.1.2.3. Secondary transporters: CytX, ThiU, ThiT1/ThiT2, and ThiV. A puta-
tive secondary transporter for thiamin-related compounds CytX was
identified in e.g. Neisseria meningitidis, Mannheimia haemolytica,
some pseudomonads and pyrococci [13]. The cytX gene always clus-
ters with genes of the thiamin biosynthesis machinery and/or is pre-
ceded by a THI element. Like for thiXYZ, organisms that harbour cytX
sometimes lack the pathway for HMP synthesis suggesting a function
of CytX as a HMP transporter [7]. CytX has 12 putative transmem-
brane helices and belongs to the Nucleobase Cation Symporter 1
(NCS1) family of secondary transporters. The similarity to trans-
porters for pyrimidine supports the predicted substrate specificity
for HMP-related metabolites [7,13].

There are several candidate genes for secondary transporters for
thiamin-related compounds that show homology to transporters of the
major facilitator superfamily (MFS). ThiU is found in somePasteurellaceae
like Haemophilus influenzae. These organisms are not able to synthesize
HMP or HET and thiU always clusters with the thiMDE operon coding
for enzymes involved in the biosynthesis of TMP from HMP and HET.
The presence of ThiXYZ in these organisms, a transporter for HMP-
related molecules, suggests that ThiU is a transporter for HET-related
compounds [13].

In three Thermoplasma genomes the first archaeal THI element regu-
lated genes were identified. They encode two putative transmembrane
proteins termedThiT1 and ThiT2 [13] and showhomology toMFS trans-
porters. Based on the presence of the THI element they are predicted to
be thiamin transporters [13].

Based on localization directly downstream of a THI element a gene
encoding a membrane protein with 13 putative membrane-spanning
segments was predicted to be a thiamin-related transporter in
Methylobacillus flagellatus and named ThiV [13]. The protein is homolo-
gous with the sodium pantothenate symporter PanF (see below), and
has been classified as a member of the SSS (sodium solute symporter)
family of secondary transporters. These transporters are structurally
classified as LeuT like transporters [36].



Fig. 3. Substrate binding to ThiB (PDB ID 2QRY), ThiT (PDB ID 3RLB), ThiY (PDB ID 3IX1);
The orientation of the substrate molecules bound to thiamin-related transporters. ThiB
binds thiaminmonophosphatewith thepyrimidine ring facing the pocket opening,where-
as the S-component ThiT (ECF transporter) binds thiamin with the hydroxyethyl moiety
facing the opening. The structure of ThiY shows the bound FAMPmolecule in an occluded
state. The protein is displayed as transparent gray surface. The bound ligands are in green
(C-atoms), blue (nitrogen), red (oxygen), orange (phosphate) and yellow (sulfur).
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3.1.2.4. Pnu type transporter: PnuT. Many Proteobacteria and organisms
from the Bacteroidetes/Chlorobi group contain a gene under the control
of a THI regulatory element, which codes for a protein related to the nic-
otinamide riboside transporter PnuC and the riboflavin transporter
PnuX [7], whichwill be discussed below. The gene called pnuT is located
in a conserved cluster together with genes for a TonB dependent outer
membrane receptor and a kinase. InGlaciecola nitratireducens the kinase
is homologous to the thiamin kinase YcfN from E. coli. Because Pnu type
transporters transport unphosphorylated molecules, which are subse-
quently trapped in the cytoplasm by phosphorylation (see below),
PnuT is predicted to transport thiamin across the membrane, which is
then transformed to TMP by the corresponding kinase. An exception is
found in Helicobacter pylori, where pnuT clusters only with the thiami-
nase gene tenA, which is usually involved in the salvage of thiamine pre-
cursors [17]. Because the thiazole kinase ThiM, theHMPkinase ThiD and
the TMP synthase ThiE, which are responsible for thiamin synthesis
from HET and HMP, are present in H. pylori, but HMP or HET trans-
porters are absent, it is possible that PnuT has specificity for one of the
thiamin precursors in this organism [13].

3.2. Vitamin B2: Riboflavin

Riboflavin [7,8-dimethyl-10-(1′-D-ribityl)isoalloxazine] or Vitamin
B2 is the precursor of the flavin coenzymes flavin mononucleotide
(FMN) and flavin adenine dinucleotide (FAD). They are formed in con-
secutive reactions catalyzed by the riboflavin kinase, which
phosphorylates riboflavin forming FMN and the FAD synthase produc-
ing FAD from FMN. These enzyme activities can be present in a single
peptide chain or in separated proteins. The binding of the nucleotides
to proteins produces flavoproteins, which are very abundant (1 to 3%
of the proteins encoded in genomes of prokaryotic and eukaryotic origin
[37]). The ability of flavins to carry one or two electrons makes them a
versatile cofactor for redox reactions [38]. Moreover, flavins are neces-
sary for specialized processes like phototropism [39] or iron acquisition
[40].

Their importance for centralmetabolic processesmakes themessen-
tial for all living organisms. The majority of prokaryotes can synthesize
riboflavin, but also possesses transport systems for uptake.

3.2.1. Experimentally characterized riboflavin transporters

3.2.1.1. ECF-RibU. Many Firmicutes and Thermotogae as well as some
Actinobacteria and Archaea contain an S-component for riboflavin up-
take (RibU), which assembles into a complete ECF transporter by asso-
ciation with an ECF module (EcfAA′T). The ribU gene is usually
preceded by a FMN riboswitch regulatory element (also named RFN el-
ement) [5]. The structure of RibU from Staphylococcus aureus has been
determined and the binding of riboflavin to RibU from L. lactis has
been studied [41,42]. RibU binds riboflavin, FMN and the antibiotic
roseoflavin with high affinity (low nanomolar KD values) [41]. RibU
was originally classified as a secondary transporter, but was later
found to be the S-component of an ECF transporter [5,43].

3.2.1.2. PnuX or RibM.PnuX/RibM is a transporter for riboflavin foundex-
clusively in Actinobacteria. The name PnuX emphasizes that the protein
is related to the family of Pnu type transporters (like PnuT mentioned
above, and discussed in more details below), whereas RibM refers to
the function of the protein as a riboflavin transporter. PnuX proteins
are predicted to have 5–7 membrane spanning helices, and are not re-
lated to RibU. PnuX was identified as a putative riboflavin transporter
by a comparative genomics approach, since the gene is often located
in the riboflavin biosynthesis operon ribBAHM, which is preceded by
an FMN regulated riboswitch [44]. It was shown experimentally that
RibM is a riboflavin transporter by the uptake of 14C-labeled riboflavin
into E. coli harbouring a plasmid encoding pnuX from Corynebacterium
glutamicum or Streptomyces davawensis [45,46]. A Km value of 11 μM
for riboflavin was reported. Uptake assays revealed that roseoflavin is
also a substrate, but FAD is not. It is not clearwhether FMN is a substrate
because the two reports show contradictory results. A facilitated diffu-
sion mechanismwas proposed as transport mechanism [46]. Direction-
ality would be then achieved by intracellular metabolic trapping, which
would be a phosphorylation by a flavokinase [47].

3.2.1.3. RfuABCD. An SBD-dependent ABC transporter for riboflavin
(encoded by the rfuABCD operon)was identified in different spirochetes
[48]. The periplasmic lipoprotein RfuA (the SBD) from the riboflavin
auxotroph Treponema pallidum binds riboflavin. A crystal structure of
RfuA at 1.3 Å resolution revealed a different binding mode for the sub-
strate compared to RibU (Fig. 4). Apparently different binding strategies
for identical substrates have evolved. The different orientation of the
boundmolecule is likely to contribute to different substrate specificities.
For RibU the ribityl chain is positioned toward the extracellular opening
of the binding site [42]. This orientation tolerates the phosphate group
present in FMN, for which a dissociation constant of 36 nM was deter-
mined [41]. For RfuA the ribityl part is oriented toward the center of
the protein, where it is difficult to accommodate an additional phos-
phate group (Fig. 4). Based on the analysis of residues involved in ribo-
flavin binding to RfuA 32 homologous binding proteins were predicted
to be specific for riboflavin [48]. This example shows how structural
data of a single transporter (instead of genomic comparison) can also
be used to identify the substrate of a transporter.



Fig. 4.Riboflavin binding to RibU (PDB ID 3P5N) and RfuA (PDB ID 4IIL). The orientation of
riboflavin located in the binding pockets of RibU and RfuA. In the S-component RibU ribo-
flavin is positioned with its ribityl chain toward the opening. In RfuA themethyl substitu-
ents of the isoalloxazine ring are exposed through the opening. The protein is displayed as
gray surface. The bound ligands are in green (C-atoms), blue (nitrogen), red (oxygen).
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3.2.1.4. RibN. The most recently identified riboflavin transporter is RibN
from Rhizobium leguminosarum (RL1692) [49]. An FMN riboswitch up-
stream of the RL1692 gene indicated that the encoded membrane pro-
tein is involved in riboflavin translocation [44]. Homologues are
distributed among α-, β- and γ-proteobacteria, although the corre-
sponding regulatory riboswitch is present only in organisms of the α-
subdivision [49]. The study revealed that RibN from R. leguminosarum,
Ochrobactrum anthropi (α-proteobacteria) and Vibrio cholerae (γ-
proteobacteria) mediates uptake of riboflavin and FMN. However, it is
not clear whether FMN is a transported substrate or whether there are
periplasmic phosphatases present that hydrolyze FMN to riboflavin,
which is then taken up. In silico analysis of RibN homologues revealed
7–9 putative membrane spanning segments. RibN shows no sequence
similarity to any characterized transporter, but has Eam-like domains
which are found in some secondary transporters [50,51].

3.2.2. Putative riboflavin transporters impX, rfnT, and ribXY
Based on the presence of FMN riboswitches or co-localization with

riboflavin biosynthesis genes, three more genes have been predicted
to encode riboflavin transporters: impX, rfnT [44] and ribXY [52]. So
far, no experimental evidence exists for the predicted role in riboflavin
uptake. Homologues of ImpX are found in different bacteria (e.g.
Firmicutes, Proteobacteria, Actinobacteria) and archaea and are often
annotated to belong to the diffuse drug metabolite family of secondary
transporters (DMT family [51]). The FMN riboswitch upstream of the
impX gene is found only in the organisms Fusobacterium nucleatum
andDesulfitobacterium hafniense. Recently, RibXY fromdifferent Chloro-
flexi species was proposed to be an ABC type riboflavin transporter [52],
although the NBDs are not encoded in the same operon as the ribXY
genes. The ribXY genes are preceded by an FMN riboswitch and the
RibXY system shows similarity to the ThiXYZ system that transports
HMP. Exchangeable NBDs from other ABC transporters may be used to
make the transporter complete ([27], see above). No regulatory element
was found upstream of rfnT, whichwas predicted to encode a riboflavin
transporter based only on genome localization in three different
Rhizobium genomes (M. loti, Sinorhizobium meliloti, A. tumefaciens).
The gene encodes a membrane protein of 11 membrane-spanning
segments and is homologous to MFS transporters [44].

3.3. Vitamin B3: Niacin (nicotinic acid — Na, nicotinamide — Nm),
Nicotinamide riboside — NR

The name niacin is used for two distinct precursors of NAD+:
nicotinic acid (Na) and nicotinamide (Nm), however in literature the
definition is not consistent and nicotinamide riboside (NR) is
sometimes included as well [53]. NAD+ and the related reduced and
phosphorylated compounds (NADH, NADP+ and NADPH) act as coen-
zymes for enzymatic hydride-transfer reactions [54]. NAD+ is also a
substrate in different enzymatic reactions like NAD+-dependent pro-
tein deacetylases (Sirtuins), poly(ADP-ribose) polymerases or bacterial
DNA ligases [53,55]. NAD+ is also an important signaling molecule of
the cellular redox status [53]. The biosynthesis of NAD+ is very complex,
based on different de novo and salvage pathways. Several biosynthetic
modules, none of which is universally conserved, are used in a com-
binatorial way [56]. Although several exceptions exist the de novo bio-
synthesis routes using aspartate are found in prokaryotes and the
pathway starting from tryptophan is used by eukaryotes [56]. Most of
the salvage pathways start with niacin, NR or nicotinate riboside
(NaR), the deamidated NR molecule [54]. These molecules, containing
a pyridine base as the core structure, are the transported forms of
Vitamin B3, thus niacin transporters are important parts of the NAD+

biosynthesis machinery.
Active transport of niacin by bacteria has been observed for decades

[57,58], but transport systems were not identified until recently.

3.3.1. ECF-NiaX
Many Firmicutes contain an S-component for niacin uptake (NiaX),

which assembles into a complete ECF transporter by association with
an ECF module (EcfAA′T) that is often used by other S-components as
well [5,59]. The purified ECF-NiaX transporter from L. lactis has been
reconstituted into liposomes, and it was shown to support ATP depen-
dent uptake of nicotinic acid [59].

3.3.2. NiaP
NiaP is a member of the major facilitator superfamily (MFS) of sec-

ondary transporters. The gene occurs in different regulons for NAD+

metabolism (controlled by the transcriptional regulators NadR, NiaR
and NrtR) but also in the absence of a regulatory element [28,60].
Orthologues are found in all kingdoms of life including humans
(SVOP) [61] and plants [60]. This is a notable exception to the observa-
tion that eukaryotes tend to use different transport systems for vitamins
compared to prokaryotes. The NiaP proteins are predicted to have
10 membrane-spanning helices and display the highest similarity to
the benzoate transporter BenK (Acinetobacter sp.) and the 4-
hydroxybenzoate transporter PcaK (Pseudomonas putida) [60,62,63]. A
niacin auxotroph E. coli showed improved growth in the presence of
limiting amounts of Nm when niaP from B. subtilis was expressed
recombinantly [60]. Similar experiments confirmed the role of NiaP in
Acinetobacter baylyi [64]. Both studies observed a residual transport ac-
tivity at niacin concentrations above 100 μM, which could be attributed
to an unknown low-affinity niacin permease or to free diffusion of Nm
across the membrane [4]. In a more extensive study using L. lactis as
expression host numerous niaP homologues were tested in whole cell
uptake assays. An energy-dependent bidirectional transport model of
niacin transport was proposed for NiaP from B. subtilis and nicotinate
transport activity was confirmed for homologues from Burkholderia
xenovorans and Ralstonia solanacearum, mouse (SVOP), Arabidopsis
thaliana and maize [28].

NiaP from B. subtilis has a preference for the deamidated forms of
niacin (such as nicotinate or nicotinatemononucleotide) [28]. Transport
of the Nm, NMN, NAD+ or phosphorylated derivatives was not ob-
served. Uptake of the deamidatedmononucleotideNaMNwas observed
at high concentrations, but was attributed to a partial hydrolysis and
subsequent transport of Na. NiaP has narrow substrate specificity,
since its N-methyl derivative trigonelline was not transported, with
the exception of the NiaP homologue from A. thaliana where it appears
to be the physiological substrate [28]. A NiaP homologue from
T. thermophilus has been shown to be specific for thiamin rather than
niacin, which is in accordance with the genomic organization of the
niaP gene in an operon for thiamin biosynthesis in this organism (see
section on thiamin above).
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3.3.3. PnuC
PnuC belongs to the Pnu-type transporter family and is found in

many bacterial taxonomic divisions. Homologues from H. influenzae,
E. coli and Salmonella enterica have been functionally characterized [4,
65–67]. The proteins have 8 predicted membrane-spanning segments
with both termini located in the cytoplasm [67]. The transporter was
initially thought to transport NMN. This hypothesis was based on up-
take of NMN carrying a radioactive label on the phosphate as well as
at the NR moiety [68]. Later studies revealed that PnuC accepts exclu-
sively the unphosphorylated NR [4,69,70] and only a mutant version
of PnuC is capable of transporting NMN [70]. The exact transport mech-
anism has not been unraveled, but transport of NR is not coupled to a
concentration gradient of a second solute (as observed inmany second-
ary transporters) or ATP hydrolysis (as observed for ABC transporters).
It has been shown that transport is strongly influenced by an intracellu-
lar kinase activity that converts NR to NMN [71,72]. This activity results
from the cytoplasmic enzymeNadR,which contains a NR kinase activity
as well as a NMN adenylyl transferase activity (NMNAT) [73,74]. An in-
active kinase domain inhibited uptake of NR almost completely defining
the substrate phosphorylation as an essential step in the directed sub-
strate transport [72]. This observation could be indicative of a mecha-
nism similar to group translocators. The NMNAT activity of NadR is
not critical for PnuC mediated substrate translocation [66]. Although a
group translocation mechanism is possible, there is no evidence for a
direct interactionwithNadR, and therefore amechanismbased on facil-
itated diffusion followed by metabolic trapping is also possible [66,72].
For the homologous riboflavin transporter PnuX weak experimental
evidence exists for riboflavin export in RF overproducing B. subtilis
(see PnuX, [46]) and an involvement of PnuC in excretion of pyridines,
which is essential under certain growth conditions, has been discussed
[46,70]. A vitamin exporting activity would be indicative of a facilitated
diffusion mechanism.

3.3.4. NiaY
NiaY is a putative niacin transporter with 9 predicted membrane-

spanning segments [60], which shows no sequence similarity to any
protein of known function. It has been identified as a niacin trans-
porter because the niaY gene is located in the NiaR regulon in
B. halodurans. niaY genes appear in only a few genomes but never
in organisms possessing other niacin transporters like NiaP or NiaX.
A co-occurrence with pncB a gene involved in niacin salvage, sup-
ports the proposed function of NiaY as a niacin transporter [60].

3.4. Vitamin B5: Pantothenate

Pantothenate is a precursor of Coenzyme A, which serves as a co-
factor in numerousmetabolic reactions related to lipidmetabolism, res-
piration or lignin biosynthesis [75]. The five step biosynthetic pathway
of CoA frompantothenate is present in virtually all organisms. However,
the de novo biosynthesis of pantothenate from β-alanine and α-
ketoisovalerate is only present in some bacteria, fungi and plants [76],
reflecting the widespread importance of pantothenate transporters.
Transporters for the uptake of pantothenate have been characterized
in prokaryotes and eukaryotes [5,77–79].

3.4.1. PanF
A pantothenate uptake activity was discovered in E. coli in the early

1970s and attributed to a specific permease termed PanF [78]. The
transporter belongs to the SSS family of secondary transporters and is
closely related to the proline transporter PutP and the sodium depen-
dent glucose transporter SGLT [80,81]. The transporter consists of 13
membrane-spanning segments with the N-terminus oriented to the
periplasm [82]. A structure of the homologous sodiumdependent galac-
tose symporter from Vibrio parahaemolyticus serves as a structural
model for transporters of the SSS family [83,84]. These transporters
are structurally classified as LeuT-like transporters [36]. PanF couples
the uptake of pantothenate to the symport of sodium with a KM value
for pantothenate of 0.4 μM and for sodium of 0.8 mM [85]. Competition
experiments revealed high substrate specificity for pantothenate with
pantetheine as the only substance able to inhibit pantothenate uptake.
PanF and the mammalian pantothenate transporter SMVT are both
members of the SSS family (similarity of 53% and identity of 23%), but
the substrate specificity is different, because SMVT accepts also biotin
and lipoate [86].

3.4.2. ECF-PanT
Many Gram-positive bacteria and Thermotogae contain an S-

component for pantothenate uptake (PanT), which assembles into a
complete ECF transporter by association with an ECF module [5]. The
panT gene often co-localizes with various pantothenate salvage genes.
ECF-PanT from Leuconostoc mesenteroides has been shown to transport
pantothenate when expressed in a β-alanine-auxotrophic, pantothe-
nate transport-deficient E. coli strain [87].

3.5. Vitamin B6: Pyridoxine

Pyridoxine, pyridoxal and pyridoxamine are the compounds that are
named Vitamin B6. These compounds can be converted in pyridoxal-
phosphate, which is a cofactor in e.g. transamination reactions. Very
little is known about Vitamin B6 transporters in prokaryotes. The only
predicted transporters are ECF-PdxU1 and ECF-PdxU2 [5,6,35]. PdxU1
is an S-component found in Actinobacteria, Archaea, Firmicutes and
Thermotogae predicted to bind pyridoxine. PdxU2 (found in Archaea,
Firmicutes and Thermotogae) was originally named HmpT, because it
was predicted to bind HMP, but was later renamed PdxU2, because ge-
nomic context analysis revealed that it was more likely a pyridoxine
transporter [35]. There is no experimental data for Vitamin B6 transport
by these proteins.

3.6. Vitamin B7: Biotin

Biotin is involved inmany enzymatic carboxylation, decarboxylation
and transcarboxylation reactions and serves as a universal carboxyl
group carrier [88]. Biotin-dependent enzymes carry their prosthetic
group covalently attached via an amide bond with specific lysine
residues [89]. Moreover biotin plays an important role in cell signaling,
gene expression and chromatin structure [90]. Its epigenetic role is
mediated by the histone biotinylation [91]. Biosynthesis of biotin con-
sists of two parts, the synthesis of a pimelatemoiety and the subsequent
construction of the bicyclic ring [88]. While the ring assembly is highly
conserved in all known biotin-producing organisms, the pimelate
precursor is synthesized using different pathways [88,92]. Biotin
absorption in mammals is mainly mediated by the multivitamin trans-
porter SMVT (see above) [86], and by Mct1, a member of the mono-
carboxylate transporter family [93,94]. Fungi possess an H+-coupled
symporter for biotin (Vht1p) [79]. Transporters for biotin in prokaryotes
were unknown for a long time, although biotin uptake activity had been
observed already in the 1970s [95–97].

3.6.1. ECF-BioY
BioY is the S-component of an ECF transporter [5,98], and is found in

many diverse groups of bacteria and Archaea. BioY was implicated in
biotin transport based on evidence from gene co-regulation, co-
localization, and co-occurrence. Although BioY is an S-component for
an ECF transporter in most organisms, the bioY gene is also found in
some organisms that do not encode an ECF module. In these organisms
the solitary BioY protein (without the ECF module) can transport biotin
by an unknown mechanism [99]. It must be noted that S-components
for other vitamins (such as ThiT and RibU, see above) do not display
such a solitary transport function.Moreover, the solitary transport func-
tion is not conserved in all BioY proteins [100]. BioY from L. lactis and
Rhodobacter capsulatus have been purified and reconstituted into
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liposomes, and did not support transport of biotin as solitary proteins.
Surprisingly, BioY from R. capsulatus appeared to transport biotin
when expressed in E. coli, but further experiments are needed to re-
concile these different experimental results.

The crystal structure of BioY from L. lactis, which associates with a
shared ECF module, has been determined. BioY has the same fold as
other S-components, and binds biotin with high affinity (low nano-
molar KD) [100].

3.6.2. YigM
Uptake of biotin in E. coli (which does not contain an ECF-BioY t-

ransporter) has been described for decades, but the activity could
not be attributed to a specific protein [95–97]. Analysis of several can-
didate membrane proteins revealed yigM to encode a membrane trans-
porter specific for biotin [101]. This protein is predicted to have 10
membrane-spanning segments with homologues present in different
classes of proteobacteria. A ΔyigM mutant strains of E. coli displays
reduced biotin uptake rates, and when yigM is overexpressed in E. coli
highly stimulated biotin uptake activity is observed. A KM of 74 nM
determined for biotin uptake by YigM corresponds well to previously
reported values of 50 nM [97], 270 nM [96] and 140 nM [95]. Equally,
a Vmax of 7 pmol/min/mg dry cells determined for YigM mediated
uptake is in agreement with previously determined values of 6.6 to
7 pmol/min/mg. Evidence for a specific energy dependence is weak
and not consistent between early reports and the recent data for
YigM. A minor effect of the uncouplers CCCP and FCCP on the biotin
uptake efficiency of YigM (40% reduction by FCCP, 30% by CCCP) is in
contrast to a larger effect in earlier reports [95–97]. Because coupling
to sodium ions was not observed in uptake assays using E. coli mem-
brane vesicles, a proton coupled symport mechanism and a facilitated
diffusion mechanism are possible.

3.7. Vitamin B9: Folate

Folates are molecules that consist of three structurally distinct moi-
eties: pterin, p-aminobenzoate (pABA) and glutamate. A fully oxidized
pterin part is not present in naturally occurring folates, which appear
exclusively in the dihydro or tetrahydro state [102]. They harbour an
additional polyglutamyl tail linked to the γ-carboxyl group of the first
glutamate [102]. Tetrahydrofolate is a one carbon acceptor and donor
involved in biosynthesis of purins, thymidylate and amino acids like
methionine, serine and glycine [103]. Its de novo synthesis is conserved
among bacteria, plants, fungi and some protists, and consists of path-
ways for the pterin (starting from GTP) and the pABA (starting from
chorismate) [102,104]. The partly and fully reduced folates can be
produced from folate. Mammalian folate uptake systems are diverse
and range from different secondary transporters to receptor-mediated
endocytosis [105]. Bacteria and plants lack homologues of these
transporters but have at least two different folate transporters, one of
which is only present in bacteria.

3.7.1. ECF-FolT
FolT is an S-component of ECF transporters found in Gram-positive

bacteria and Thermotogae [5]. FolT binds (6S)-folinic acid and folic
acid with nanomolar KD values, but does not bind (6R)-folinic acid
(the unnatural isomer) [106]. The structure of the complete FolT-ECF
transporter has been solved (in a substrate-free state), and the purified
complex, reconstituted in liposomes, supported ATP-dependent uptake
of folate [107].

3.7.2. FBT type folate transporters
The FBT family includes transporter homologues from protists,

plants and cyanobacteria [108,109]. Members of the FBT family belong
to the major facilitator superfamily of secondary transporters which
share a common core structure made of 12 membrane-spanning seg-
ments with both termini located intracellularly [110,111]. Heterologous
expression of the cyanobacterial homologues in E. coli, L. lactis or yeast
yielded insufficient amounts to perform transport assays using radio-
labeled substrates in whole cells or membrane vesicles, but growth
assays and mutational analysis revealed seven residues that are critical
for transport in Slr0642 (FBT of Synechocystis) [109]. Two of these
residues are conserved among the folate transporters but are missing
in the biopterin transporters, indicating that the identified residues
contribute to the substrate specificity of members of the FBT family
[109]. The related transporters found in proteobacteria have not been
characterized.

3.8. Vitamin B12: Cobalamin

Most bacteria and archaea have enzymes that require cobalamin as
cofactor, such as the B12-dependent methionine synthase and ribo-
nucleotide reductase, but only some bacterial and archaeal species are
able to synthesize the cofactor de novo. Therefore, uptake of cobalamin
is crucial for many prokaryotes.

3.8.1. ABC transporters
The best-characterized transporter for cobalamin is the Type II ABC

importer BtuCDF from E. coli, in which BtuC is the TMD, BtuD the NBD
and BtuF the periplasmic substrate-binding protein [112–116]. It is
difficult to predict from sequence comparison how widespread related
cobalamin transporters are among other prokaryotes [117].

Surprisingly, an ABC transporter of the exporter class appears to be
involved in cobalamin uptake in Mycobacterium tuberculosis [118]. The
transporter encoded by the Rv1819c gene is a homodimer, in which
each subunit contains tandem transmembrane and nucleotide binding
domains. The Rv1819c gene is essential for uptake of cobalamin in
M. tuberculosis. ABC transporters of the exporter class are very abun-
dantly present in prokaryotes, and often have unidentified functions.
The import function of Rv1819c could indicate that more ABC exporters
may have import functions.

3.8.2. ECF CbrT
CbrT is an S-component of ECF transporters found in Gram-positive

bacteria and archaea [5]. It is predicted to be specific for cobalamin, but
experimental evidence is lacking.

3.8.3. Predicted transporters: BtuM, BtuN
Comparative genomics analysis of the Vitamin B12 utilization in

bacteria suggests two further candidate B12 transporters. The functional
assignment of btuM and btuN is based on chromosomal clustering with
the outer membrane receptor btuB, the presence of the B12 regulatory
element and the prediction of several transmembrane segments [119].
BtuM and BtuN have five and four predicted transmembrane segments,
respectively. There is no experimental evidence that these proteins
indeed have a role in B12 uptake.

4. Conclusion

Despite the crucial importance of vitamin-related molecules in pro-
karyotes, the knowledge about the uptake of B-type vitamins and their
precursors is limited. Comparative genomic approaches have made an
enormous contribution in the (tentative) identification of vitamin
transporters in bacteria and archaea. Prokaryotes appear to have devel-
oped a variety of transport systems for vitamins, which differ in their
energy dependence, substrate affinities and taxonomic distribution.

The diversity of bacterial vitamin uptake systems has medical
relevance. Cofactor biosynthesis and gene regulation at the level of
riboswitches are already targets for the development of new anti-
microbial drugs [76,120]. Vitamin transporters could also serve as tar-
gets for antimicrobial drugs as they could inhibit growth of pathogenic
organisms that are auxotroph for vitamins. For example Haemophilus
influenzae depends on nicotinamide riboside uptake for survival [4].
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As always, potential drugs must selectively target microbes. In many
cases the human transport systems are unrelated to the bacterial trans-
porters (except for a few secondary transporters, such as PanF). There-
fore, it is likely that there are mechanistic differences between most
bacterial and human transport systems for vitamin uptake, which
could allow for the development of selective antimicrobial drugs with
the transporters as target.

Humans not only take up vitamins that are present in their diet, but
also use vitamins produced by the gut microbiome. Food-related lactic
acid bacteria and species of the genus Bifidobacterium are known
vitamin producers in the human colon [104]. Because vitamins are
used as exchange currencies between different bacteria in the gut
microbiome and between the bacteria and their hosts, bacteria must
also contain vitamin efflux systems [104]. However, mechanisms of
vitamin export are poorly understood. Knowledge about export could
help to improve the industrial vitamin production byprokaryotic strains
further [43,121].
References

[1] L. Mander, H.W.B. Liu (Eds.), Comprehensive Natural Products II, Elsevier, 2010.
[2] A. Bacher, S. Eberhardt, M. Fischer, K. Kis, G. Richter, Biosynthesis of vitamin b2

(riboflavin), Annu. Rev. Nutr. 20 (2000) 153–167.
[3] E. Marsili, D.B. Baron, I.D. Shikhare, D. Coursolle, J.A. Gralnick, D.R. Bond,

Shewanella secretes flavins that mediate extracellular electron transfer, Proc.
Natl. Acad. Sci. U. S. A. 105 (2008) 3968–3973.

[4] M. Herbert, E. Sauer, G. Smethurst, A. Kraiss, A.-K. Hilpert, J. Reidl, Nicotinamide
ribosyl uptake mutants in Haemophilus influenzae, Infect. Immun. 71 (2003)
5398–5401.

[5] D.A. Rodionov, P. Hebbeln, A. Eudes, J. ter Beek, I.A. Rodionova, G.B. Erkens, et al., A
novel class of modular transporters for vitamins in prokaryotes, J. Bacteriol. 191
(2009) 42–51.

[6] D.J. Slotboom, Structural and mechanistic insights into prokaryotic energy-
coupling factor transporters, Nat. Rev. Microbiol. 12 (2) (2014) 79–87.

[7] M.S. Gelfand, D.A. Rodionov, Comparative genomics and functional annotation of
bacterial transporters, Physics of Life Reviews, 2008.

[8] W. Busch, M.H. Saier, International Union of Biochemistry and Molecular Biology
(IUBMB), the IUBMB-endorsed transporter classification system, Mol. Biotechnol.
27 (2004) 253–262.

[9] A.L. Davidson, E. Dassa, C. Orelle, J. Chen, Structure, function, and evolution of bac-
terial ATP-binding cassette systems, Microbiol. Mol. Biol. Rev. 72 (2008) 317–364
(table of contents).

[10] D.C. Rees, E. Johnson, O. Lewinson, ABC transporters: the power to change, Nat.
Rev. Mol. Cell Biol. 10 (2009) 218–227.

[11] J. ter Beek, A. Guskov, D.J. Slotboom, Structural diversity of ABC transporters, J. Gen.
Physiol. 143 (4) (2014) 419–435.

[12] G.B. Erkens, M. Majsnerowska, J. ter Beek, D.J. Slotboom, Energy coupling factor-
type ABC transporters for vitamin uptake in prokaryotes, Biochemistry 51 (2012)
4390–4396.

[13] D.A. Rodionov, A.G. Vitreschak, A.A. Mironov, M.S. Gelfand, Comparative genomics
of thiamin biosynthesis in procaryotes. New genes and regulatory mechanisms, J.
Biol. Chem. 277 (2002) 48949–48959.

[14] L.R. Forrest, G. Rudnick, The rocking bundle: a mechanism for ion-coupled
solute flux by symmetrical transporters, Physiology (Bethesda) 24 (2009)
377–386.

[15] Y. Shi, Common folds and transport mechanisms of secondary active transporters,
Annu. Rev. Biophys. 42 (2013) 51–72.

[16] P.W. Postma, J.W. Lengeler, G.R. Jacobson, Phosphoenolpyruvate:carbohydrate
phosphotransferase systems of bacteria, Microbiol. Rev. 57 (1993) 543–594.

[17] C.T. Jurgenson, T.P. Begley, S.E. Ealick, The structural and biochemical foundations
of thiamin biosynthesis, Annu. Rev. Biochem. 78 (2009) 569–603.

[18] A.H. Jenkins, G. Schyns, S. Potot, G. Sun, T.P. Begley, A new thiamin salvage path-
way, Nat. Chem. Biol. 3 (2007) 492–497.

[19] J. Miranda-Ríos, M. Navarro, M. Soberón, A conserved RNA structure (thi box) is in-
volved in regulation of thiamin biosynthetic gene expression in bacteria, Proc. Natl.
Acad. Sci. U. S. A. 98 (2001) 9736–9741.

[20] S. Bale, K.R. Rajashankar, K. Perry, T.P. Begley, S.E. Ealick, HMP binding protein ThiY
and HMP-P synthase THI5 are structural homologues, Biochemistry 49 (2010)
8929–8936.

[21] T. Kawasaki, I. Miyata, K. Esaki, Y. Nose, Thiamine uptake in Escherichia coli. I. Gen-
eral properties of thiamine uptake system in Escherichia coli, Arch. Biochem.
Biophys. 131 (1969) 223–230.

[22] H. Nakayama, R. Hayashi, Biosynthetic pathway of thiamine pyrophosphate: a spe-
cial reference to the thiamine monophosphate-requiring mutant and the thiamine
pyrophosphate-requiring mutant of Escherichia coli, J. Bacteriol. 112 (1972)
1118–1126.

[23] E. Webb, K. Claas, D. Downs, thiBPQ encodes an ABC transporter required for trans-
port of thiamine and thiamine pyrophosphate in Salmonella typhimurium, J. Biol.
Chem. 273 (1998) 8946–8950.
[24] A.D. Hollenbach, K.A. Dickson, M.W. Washabaugh, Overexpression, purification,
and characterization of the periplasmic space thiamin-binding protein of the thia-
min traffic ATPase in Escherichia coli, Protein Expr. Purif. 25 (2002) 508–518.

[25] E.V. Soriano, K.R. Rajashankar, J.W. Hanes, S. Bale, T.P. Begley, S.E. Ealick, Structural
similarities between thiamin-binding protein and thiaminase-I suggest a common
ancestor, Biochemistry 47 (2008) 1346–1357.

[26] R.P.-A. Berntsson, S.H.J. Smits, L. Schmitt, D.J. Slotboom, B. Poolman, A structural
classification of substrate-binding proteins, FEBS Lett. 584 (2010) 2606–2617.

[27] D. Hekstra, J. Tommassen, Functional exchangeability of the ABC proteins of the
periplasmic binding protein-dependent transport systems Ugp and Mal of
Escherichia coli, J. Bacteriol. 175 (1993) 6546–6552.

[28] L. Jeanguenin, A. Lara-Núñez, D.A. Rodionov, A.L. Osterman, N.Y. Komarova, D.
Rentsch, et al., Comparative genomics and functional analysis of the NiaP family
uncover nicotinate transporters from bacteria, plants, and mammals, Funct. Integr.
Genom. 12 (2012) 25–34.

[29] A.D. Hollenbach, K.A. Dickson, M.W. Washabaugh, Thiamine transport in
Escherichia coli: the mechanism of inhibition by the sulfhydryl-specific modifier
N-ethylmaleimide, Biochim. Biophys. Acta 1564 (2002) 421–428.

[30] G.B. Erkens, D.J. Slotboom, Biochemical characterization of ThiT from Lactococcus
lactis: a thiamin transporter with picomolar substrate binding affinity, Biochemis-
try 49 (2010) 3203–3212.

[31] G.B. Erkens, R.P.-A. Berntsson, F. Fulyani, M. Majsnerowska, A. Vujičić-Žagar, J. ter
Beek, et al., The structural basis of modularity in ECF-type ABC transporters, Nat.
Struct. Mol. Biol. 18 (2011) 755–760.

[32] G. Schyns, S. Potot, Y. Geng, T.M. Barbosa, A. Henriques, J.B. Perkins, Isolation and
characterization of new thiamine-deregulated mutants of Bacillus subtilis, J.
Bacteriol. 187 (2005) 8127–8136.

[33] Z. Dermoun, A. Foulon, M.D. Miller, D.J. Harrington, A.M. Deacon, C. Sebban-
Kreuzer, et al., TM0486 from the hyperthermophilic anaerobe Thermotoga
maritima is a thiamin-binding protein involved in response of the cell to oxidative
conditions, J. Mol. Biol. 400 (2010) 463–476.

[34] Y. Devedjiev, Y. Surendranath, U. Derewenda, A. Gabrys, D.R. Cooper, R.-G. Zhang,
et al., The structure and ligand binding properties of the B. subtilis YkoF gene prod-
uct, a member of a novel family of thiamin/HMP-binding proteins, J. Mol. Biol. 343
(2004) 395–406.

[35] T. Eitinger, D.A. Rodionov, M. Grote, E. Schneider, Canonical and ECF-type ATP-
binding cassette importers in prokaryotes: diversity in modular organization and
cellular functions, FEMS Microbiol. Rev. 35 (2011) 3–67.

[36] L.R. Forrest, R. Krämer, C. Ziegler, The structural basis of secondary active transport
mechanisms, Biochim. Biophys. Acta 1807 (2011) 167–188.

[37] L. De Colibus, A. Mattevi, New frontiers in structural flavoenzymology, Curr. Opin.
Struct. Biol. 16 (2006) 722–728.

[38] C.A. Abbas, A.A. Sibirny, Genetic control of biosynthesis and transport of riboflavin
and flavin nucleotides and construction of robust biotechnological producers,
Microbiol. Mol. Biol. Rev. 75 (2011) 321–360.

[39] W.R. Briggs, J.M. Christie, Phototropins 1 and 2: versatile plant blue-light receptors,
Trends Plant Sci. 7 (2002) 204–210.

[40] D.J. Worst, M.M. Gerrits, C.M. Vandenbroucke-Grauls, J.G. Kusters, Helicobacter py-
lori ribBA-mediated riboflavin production is involved in iron acquisition, J.
Bacteriol. 180 (1998) 1473–1479.

[41] R.H. Duurkens, M.B. Tol, E.R. Geertsma, H.P. Permentier, D.J. Slotboom, Flavin bind-
ing to the high affinity riboflavin transporter RibU, J. Biol. Chem. 282 (2007)
10380–10386.

[42] P. Zhang, J. Wang, Y. Shi, Structure and mechanism of the S component of a bacte-
rial ECF transporter, Nature 468 (2010) 717–720.

[43] C.M. Burgess, D.J. Slotboom, E.R. Geertsma, R.H. Duurkens, B. Poolman, D. van
Sinderen, The riboflavin transporter RibU in Lactococcus lactis: molecular charac-
terization of gene expression and the transport mechanism, J. Bacteriol. 188
(2006) 2752–2760.

[44] A.G. Vitreschak, D.A. Rodionov, A.A. Mironov, M.S. Gelfand, Regulation of riboflavin
biosynthesis and transport genes in bacteria by transcriptional and translational
attenuation, Nucleic Acids Res. 30 (2002) 3141–3151.

[45] C. Vogl, S. Grill, O. Schilling, J. Stülke, M. Mack, J. Stolz, Characterization of riboflavin
(vitamin B2) transport proteins from Bacillus subtilis and Corynebacterium
glutamicum, J. Bacteriol. 189 (2007) 7367–7375.

[46] S. Hemberger, D.B. Pedrolli, J. Stolz, C. Vogl, M. Lehmann, M. Mack, RibM from
Streptomyces davawensis is a riboflavin/roseoflavin transporter and may be useful
for the optimization of riboflavin production strains, BMC Biotechnol. 11 (2011)
119.

[47] D.J. Manstein, E.F. Pai, Purification and characterization of FAD synthetase from
Brevibacterium ammoniagenes, J. Biol. Chem. 261 (1986) 16169–16173.

[48] R.K. Deka, C.A. Brautigam, B.A. Biddy,W.Z. Liu, M.V. Norgard, Evidence for an ABC-type
riboflavin transporter system in pathogenic spirochetes, MBio. 4 (2013) e00615-12.

[49] V.A. García Angulo, H.R. Bonomi, D.M. Posadas, M.I. Serer, A.G. Torres, Á.
Zorreguieta, et al., Identification and characterization of RibN, a novel family of ri-
boflavin transporters from Rhizobium leguminosarum and other proteobacteria, J.
Bacteriol. 195 (2013) 4611–4619.

[50] Å. Västermark, M.S. Almén, M.W. Simmen, R. Fredriksson, H.B. Schiöth, Functional
specialization in nucleotide sugar transporters occurred through differentiation of
the gene cluster EamA (DUF6) before the radiation of Viridiplantae, BMC Evol. Biol.
11 (2011) 123.

[51] D.L. Jack, N.M. Yang, M.H. Saier, The drug/metabolite transporter superfamily, Eur.
J. Biochem. 268 (2001) 3620–3639.

[52] E.I. Sun, S.A. Leyn, M.D. Kazanov, M.H. Saier, P.S. Novichkov, D.A. Rodionov, Com-
parative genomics of metabolic capacities of regulons controlled by cis-
regulatory RNA motifs in bacteria, BMC Genomics 14 (2013) 597.

http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0545
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0005
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0005
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0550
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0550
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0550
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0010
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0010
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0010
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0015
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0015
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0015
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0020
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0020
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0025
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0025
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0030
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0030
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0030
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0555
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0555
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0555
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0035
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0035
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf9000
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf9000
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0040
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0040
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0040
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0045
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0045
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0045
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0560
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0560
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0560
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0050
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0050
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0055
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0055
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0060
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0060
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0065
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0065
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0565
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0565
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0565
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0070
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0070
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0070
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0075
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0075
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0075
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0080
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0080
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0080
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0080
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0570
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0570
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0570
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0085
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0085
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0085
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0090
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0090
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0090
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0095
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0095
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0100
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0100
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0100
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0105
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0105
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0105
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0105
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0110
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0110
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0110
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0115
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0115
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0115
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0120
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0120
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0120
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0125
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0125
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0125
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0130
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0130
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0130
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0130
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0575
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0575
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0575
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0575
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0135
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0135
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0135
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0140
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0140
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0145
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0145
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0150
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0150
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0150
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0155
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0155
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0160
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0160
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0160
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0165
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0165
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0165
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0170
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0170
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0175
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0175
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0175
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0175
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0180
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0180
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0180
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0185
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0185
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0185
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0190
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0190
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0190
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0190
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0195
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0195
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0200
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0200
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0205
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0205
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0205
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0205
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0210
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0210
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0210
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0210
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0215
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0215
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0220
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0220
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0220


575M. Jaehme, D.J. Slotboom / Biochimica et Biophysica Acta 1850 (2015) 565–576
[53] R.H. Houtkooper, C. Cantó, R.J. Wanders, J. Auwerx, The secret life of NAD+: an old
metabolite controlling new metabolic signaling pathways, Endocr. Rev. 31 (2010)
194–223.

[54] K.L. Bogan, C. Brenner, Nicotinic acid, nicotinamide, and nicotinamide riboside: a
molecular evaluation of NAD+ precursor vitamins in human nutrition, Annu.
Rev. Nutr. 28 (2008) 115–130.

[55] A. Wilkinson, J. Day, R. Bowater, Bacterial DNA ligases, Mol. Microbiol. 40 (2001)
1241–1248.

[56] F. Gazzaniga, R. Stebbins, S.Z. Chang, M.A. McPeek, C. Brenner, Microbial NAD me-
tabolism: lessons from comparative genomics, Microbiol. Mol. Biol. Rev. 73 (2009)
529–541 (Table of Contents).

[57] H.Y. Neujahr, Z. Varga, Transport of B-vitamins in microorganisms. VII. The uptake
of 14 C-niacinamide by non-proliferating cells and by protoplasts of Streptococcus
faecalis, Acta Chem. Scand. 20 (1966) 1529–1534.

[58] J.J. Rowe, R.D. Lemmon, G.J. Tritz, Nicotinic acid transport in Escherichia coli,
Microbios 44 (1985) 169–184.

[59] J. ter Beek, R.H. Duurkens, G.B. Erkens, D.J. Slotboom, Quaternary structure and
functional unit of energy coupling factor (ECF)-type transporters, J. Biol. Chem.
286 (2011) 5471–5475.

[60] D.A. Rodionov, X. Li, I.A. Rodionova, C. Yang, L. Sorci, E. Dervyn, et al., Transcription-
al regulation of NAD metabolism in bacteria: genomic reconstruction of NiaR
(YrxA) regulon, Nucleic Acids Res. 36 (2008) 2032–2046.

[61] J. Yao, S.M. Bajjalieh, SVOP is a nucleotide binding protein, PLoS ONE 4 (2009)
e5315.

[62] L.S. Collier, N.N. Nichols, E.L. Neidle, benK encodes a hydrophobic permease-like
protein involved in benzoate degradation by Acinetobacter sp. strain ADP1, J.
Bacteriol. 179 (1997) 5943–5946.

[63] N.N. Nichols, C.S. Harwood, PcaK, a high-affinity permease for the aromatic com-
pounds 4-hydroxybenzoate and protocatechuate from Pseudomonas putida, J.
Bacteriol. 179 (1997) 5056–5061.

[64] L. Sorci, I. Blaby, J. De Ingeniis, S. Gerdes, N. Raffaelli, V. de Crécy Lagard, et al.,
Genomics-driven reconstruction of acinetobacter NAD metabolism: insights for
antibacterial target selection, J. Biol. Chem. 285 (2010) 39490–39499.

[65] N. Zhu, B.M. Olivera, J.R. Roth, Activity of the nicotinamide mononucleotide trans-
port system is regulated in Salmonella typhimurium, J. Bacteriol. 173 (1991)
1311–1320.

[66] J.H. Grose, U. Bergthorsson, Y. Xu, J. Sterneckert, B. Khodaverdian, J.R. Roth, Assim-
ilation of nicotinamide mononucleotide requires periplasmic AphA phosphatase in
Salmonella enterica, J. Bacteriol. 187 (2005) 4521–4530.

[67] E. Sauer, M. Merdanovic, A.P. Mortimer, G. Bringmann, J. Reidl, PnuC and the utili-
zation of the nicotinamide riboside analog 3-aminopyridine in Haemophilus
influenzae, Antimicrob. Agents Chemother. 48 (2004) 4532–4541.

[68] G. Liu, J. Foster, P. Manlapaz-Ramos, B.M. Olivera, Nucleoside salvage pathway for
NAD biosynthesis in Salmonella typhimurium, J. Bacteriol. 152 (1982) 1111–1116.

[69] G. Kemmer, T.J. Reilly, J. Schmidt-Brauns, G.W. Zlotnik, B.A. Green, M.J. Fiske, et al.,
NadN and e (P4) are essential for utilization of NAD and nicotinamide mononucle-
otide but not nicotinamide riboside in Haemophilus influenzae, J. Bacteriol. 183
(2001) 3974–3981.

[70] J.H. Grose, U. Bergthorsson, J.R. Roth, Regulation of NAD synthesis by the
trifunctional NadR protein of Salmonella enterica, J. Bacteriol. 187 (2005)
2774–2782.

[71] J.W. Foster, T. Penfound, The bifunctional NadR regulator of Salmonella
typhimurium: location of regions involved with DNA binding, nucleotide transport
and intramolecular communication, FEMS Microbiol. Lett. 112 (1993) 179–183.

[72] M. Merdanovic, E. Sauer, J. Reidl, Coupling of NAD + biosynthesis and nicotin-
amide ribosyl transport: characterization of NadR ribonucleotide kinase mutants
of Haemophilus influenzae, J. Bacteriol. 187 (2005) 4410–4420.

[73] S.K. Singh, O.V. Kurnasov, B. Chen, H. Robinson, N.V. Grishin, A.L. Osterman, et al.,
Crystal structure of Haemophilus influenzae NadR protein. A bifunctional enzyme
endowed with NMN adenyltransferase and ribosylnicotinimide kinase activities,
J. Biol. Chem. 277 (2002) 33291–33299.

[74] O.V. Kurnasov, B.M. Polanuyer, S. Ananta, R. Sloutsky, A. Tam, S.Y. Gerdes, et al.,
Ribosylnicotinamide kinase domain of NadR protein: identification and implica-
tions in NAD biosynthesis, J. Bacteriol. 184 (2002) 6906–6917.

[75] M.E. Webb, A.G. Smith, C. Abell, Biosynthesis of pantothenate, Nat. Prod. Rep. 21
(2004) 695–721.

[76] C. Spry, K. Kirk, K.J. Saliba, Coenzyme A biosynthesis: an antimicrobial drug target,
FEMS Microbiol. Rev. 32 (2008) 56–106.

[77] K.J. Saliba, K. Kirk, H+−coupled pantothenate transport in the intracellular malaria
parasite, J. Biol. Chem. 276 (2001) 18115–18121.

[78] H. Nakamura, Z. Tamura, Pantothenate uptake in Escherichia coli K-12, J. Nutr. Sci.
Vitaminol. 19 (1973) 389–400.

[79] J. Stolz, N. Sauer, The fenpropimorph resistance gene FEN2 from Saccharomyces
cerevisiae encodes a plasma membrane H+−pantothenate symporter, J. Biol.
Chem. 274 (1999) 18747–18752.

[80] J. Reizer, A. Reizer, M.H. Saier, The Na+/pantothenate symporter (PanF) of
Escherichia coli is homologous to the Na+/proline symporter (PutP) of E. coli
and the Na+/glucose symporters of mammals, Res. Microbiol. 141 (1990)
1069–1072.

[81] H. Jung, The sodium/substrate symporter family: structural and functional features,
FEBS Lett. 529 (2002) 73–77.

[82] E. Turk, E.M. Wright, Membrane topology motifs in the SGLT cotransporter family,
J. Membr. Biol. 159 (1997) 1–20.

[83] S. Faham, A.Watanabe, G.M. Besserer, D. Cascio, A. Specht, B.A. Hirayama, et al., The
crystal structure of a sodium galactose transporter reveals mechanistic insights
into Na+/sugar symport, Science 321 (2008) 810–814.
[84] A. Rivera-Ordaz, S. Bracher, S. Sarrach, Z. Li, L. Shi, M. Quick, et al., The sodium/pro-
line transporter PutP of Helicobacter pylori, PLoS ONE 8 (2013) e83576.

[85] D.S. Vallari, C.O. Rock, Pantothenate transport in Escherichia coli, J. Bacteriol. 162
(1985) 1156–1161.

[86] P.D. Prasad, H. Wang, R. Kekuda, T. Fujita, Y.J. Fei, L.D. Devoe, et al., Cloning and
functional expression of a cDNA encoding a mammalian sodium-dependent vita-
min transporter mediating the uptake of pantothenate, biotin, and lipoate, J. Biol.
Chem. 273 (1998) 7501–7506.

[87] O. Neubauer, A. Alfandega, J. Schoknecht, U. Sternberg, A. Pohlmann, T. Eitinger,
Two essential arginine residues in the T components of energy-coupling factor
transporters, J. Bacteriol. 191 (2009) 6482–6488.

[88] S. Lin, J.E. Cronan, Closing in on complete pathways of biotin biosynthesis, Mol.
Biosyst. 7 (2011) 1811–1821.

[89] R.N. Perham, Swinging arms and swinging domains in multifunctional enzymes: cat-
alytic machines for multistep reactions, Annu. Rev. Biochem. 69 (2000) 961–1004.

[90] J. Zempleni, Uptake, localization, and noncarboxylase roles of biotin, Annu. Rev.
Nutr. 25 (2005) 175–196.

[91] J. Zempleni, Y.C. Chew, Y.I. Hassan, S.S.K. Wijeratne, Epigenetic regulation of chro-
matin structure and gene function by biotin: are biotin requirements being met?
Nutr. Rev. 66 (Suppl. 1) (2008) S46–S48.

[92] G. Schneider, Y. Lindqvist, Structural enzymology of biotin biosynthesis, FEBS Lett.
495 (2001) 7–11.

[93] R.L. Daberkow, B.R. White, R.A. Cederberg, J.B. Griffin, J. Zempleni, Monocarboxyl-
ate transporter 1 mediates biotin uptake in human peripheral blood mononuclear
cells, J. Nutr. 133 (2003) 2703–2706.

[94] A.P. Halestrap, N.T. Price, The proton-linked monocarboxylate transporter (MCT)
family: structure, function and regulation, Biochem. J. 343 (Pt 2) (1999) 281–299.

[95] O. Prakash, M.A. Eisenberg, Active transport of biotin in Escherichia coli K-12, J.
Bacteriol. 120 (1974) 785–791.

[96] A. Piffeteau, M. Gaudry, Biotin uptake: influx, efflux and countertransport in
Escherichia coli K12, Biochim. Biophys. Acta 816 (1985) 77–82.

[97] A. Piffeteau, M. Zamboni, M. Gaudry, Biotin transport by a biotin-deficient strain of
Escherichia coli, Biochim. Biophys. Acta 688 (1982) 29–36.

[98] P. Hebbeln, D.A. Rodionov, A. Alfandega, T. Eitinger, Biotin uptake in prokaryotes by
solute transporters with an optional ATP-binding cassette-containing module,
Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 2909–2914.

[99] F. Finkenwirth, F. Kirsch, T. Eitinger, Solitary BioY proteins mediate biotin transport
into recombinant Escherichia coli, J. Bacteriol. 195 (18) (2013) 4105–4111.

[100] R.P.-A. Berntsson, J. ter Beek, M. Majsnerowska, R.H. Duurkens, P. Puri, B. Poolman,
et al., Structural divergence of paralogous S components from ECF-type ABC trans-
porters, Proc. Natl. Acad. Sci. U. S. A. 109 (2012) 13990–13995.

[101] S.L. Ringelstetter, Identification of the Biotin Transporter in Escherichia coli, Bio-
tinylation of Histones in Saccharomyces cerevisiae and Analysis of Biotin Sensing
in Saccharomyces cerevisiae, Doctoral thesis Universität Regensburg, Germany,
2010. (http://epub.uni-regensburg.de/15822/1/Diss_R_S.pdf ).

[102] V. de Crécy Lagard, B. El Yacoubi, R.D. de la Garza, A. Noiriel, A.D. Hanson, Compar-
ative genomics of bacterial and plant folate synthesis and salvage: predictions and
validations, BMC Genomics 8 (2007) 245.

[103] A. Bermingham, J.P. Derrick, The folic acid biosynthesis pathway in bacteria: eval-
uation of potential for antibacterial drug discovery, Bioessays 24 (2002) 637–648.

[104] J.G. LeBlanc, C. Milani, G.S. de Giori, F. Sesma, D. van Sinderen, M. Ventura, Bacteria
as vitamin suppliers to their host: a gut microbiota perspective, Curr. Opin.
Biotechnol. 24 (2013) 160–168.

[105] R. Zhao, I.D. Goldman, Folate and thiamine transporters mediated by facilitative
carriers (SLC19A1-3 and SLC46A1) and folate receptors, Mol. Aspects Med. 34
(2013) 373–385.

[106] A. Eudes, G.B. Erkens, D.J. Slotboom, D.A. Rodionov, V. Naponelli, A.D. Hanson, Iden-
tification of genes encoding the folate- and thiamine-binding membrane proteins
in Firmicutes, J. Bacteriol. 190 (2008) 7591–7594.

[107] K. Xu, M. Zhang, Q. Zhao, F. Yu, H. Guo, C. Wang, et al., Crystal structure of a folate
energy-coupling factor transporter from Lactobacillus brevis, Nature 497 (2013)
268–271.

[108] S.M.J. Klaus, E.R.S. Kunji, G.G. Bozzo, A. Noiriel, R.D. de la Garza, G.J.C. Basset, et al.,
Higher plant plastids and cyanobacteria have folate carriers related to those of
trypanosomatids, J. Biol. Chem. 280 (2005) 38457–38463.

[109] A. Eudes, E.R.S. Kunji, A. Noiriel, S.M.J. Klaus, T.J. Vickers, S.M. Beverley, et al., Iden-
tification of transport-critical residues in a folate transporter from the folate-
biopterin transporter (FBT) family, J. Biol. Chem. 285 (2010) 2867–2875.

[110] J. Abramson, I. Smirnova, V. Kasho, G. Verner, H.R. Kaback, S. Iwata, Structure and
mechanism of the lactose permease of Escherichia coli, Science 301 (2003)
610–615.

[111] Y. Huang, M.J. Lemieux, J. Song, M. Auer, D.-N. Wang, Structure and mechanism of
the glycerol-3-phosphate transporter from Escherichia coli, Science 301 (2003)
616–620.

[112] K.P. Locher, A.T. Lee, D.C. Rees, The E. coli BtuCD structure: a framework for ABC
transporter architecture and mechanism, Science 296 (2002) 1091–1098.

[113] V.M. Korkhov, S.A. Mireku, K.P. Locher, Structure of AMP-PNP-bound vitamin B12
transporter BtuCD-F, Nature 490 (2012) 367–372.

[114] O. Lewinson, A.T. Lee, K.P. Locher, D.C. Rees, A distinct mechanism for the ABC
transporter BtuCD-BtuF revealed by the dynamics of complex formation, Nat.
Struct. Mol. Biol. 17 (2010) 332–338.

[115] P.R. Reynolds, G.P. Mottur, C. Bradbeer, Transport of vitamin B12 in Escherichia coli.
Some observations on the roles of the gene products of BtuC and TonB, J. Biol.
Chem. 255 (1980) 4313–4319.

[116] L.C. DeVeaux, R.J. Kadner, Transport of vitamin B12 in Escherichia coli: cloning of
the btuCD region, J. Bacteriol. 162 (1985) 888–896.

http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0225
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0225
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0225
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0225
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0230
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0230
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0230
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0230
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0235
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0235
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0580
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0580
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0580
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0240
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0240
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0240
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0245
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0245
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0250
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0250
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0250
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0255
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0255
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0255
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0260
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0260
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0265
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0265
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0265
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0270
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0270
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0270
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0275
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0275
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0275
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0280
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0280
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0280
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0285
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0285
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0285
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0290
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0290
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0290
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0295
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0295
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0300
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0300
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0300
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0300
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0305
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0305
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0305
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0310
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0310
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0310
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0315
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0315
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0315
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0585
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0585
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0585
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0585
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0320
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0320
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0320
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0325
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0325
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0330
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0330
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0335
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0335
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0335
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0335
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0340
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0340
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0345
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0345
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0345
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0345
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0345
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0350
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0350
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0350
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0350
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0350
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0350
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0350
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0355
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0355
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0360
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0360
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0365
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0365
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0365
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0365
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0370
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0370
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0375
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0375
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0380
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0380
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0380
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0380
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0385
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0385
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0385
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0390
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0390
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0395
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0395
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0400
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0400
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0405
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0405
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0405
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0410
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0410
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0415
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0415
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0415
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0420
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0420
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0425
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0425
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0430
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0430
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0435
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0435
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0590
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0590
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0590
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0595
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0595
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0600
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0600
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0600
http://epub.uni-regensburg.de/15822/1/Diss_R_S.pdf
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0440
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0440
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0440
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0445
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0445
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0450
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0450
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0450
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0455
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0455
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0455
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0460
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0460
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0460
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0465
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0465
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0465
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0470
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0470
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0470
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0475
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0475
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0475
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0480
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0480
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0480
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0485
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0485
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0485
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0490
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0490
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0495
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0495
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0500
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0500
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0500
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0505
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0505
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0505
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0510
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0510


576 M. Jaehme, D.J. Slotboom / Biochimica et Biophysica Acta 1850 (2015) 565–576
[117] Y. Zhang, D.A. Rodionov, M.S. Gelfand, V.N. Gladyshev, Comparative genomic
analyses of nickel, cobalt and vitamin B12 utilization, BMC Genomics 10
(2009) 78.

[118] K. Gopinath, C. Venclovas, T.R. Ioerger, J.C. Sacchettini, J.D. McKinney, V. Mizrahi,
et al., A vitamin B transporter in Mycobacterium tuberculosis, Open Biol. 3
(2013) 120175.

[119] D.A. Rodionov, A.G. Vitreschak, A.A. Mironov, M.S. Gelfand, Comparative genomics
of the vitamin B12 metabolism and regulation in prokaryotes, J. Biol. Chem. 278
(2003) 41148–41159.
[120] J. Bi, H. Wang, J. Xie, Comparative genomics of NAD(P) biosynthesis and novel an-
tibiotic drug targets, J. Cell. Physiol. 226 (2011) 331–340.

[121] V. Capozzi, P. Russo, M.T. Dueñas, P. López, G. Spano, Lactic acid bacteria producing
B-group vitamins: a great potential for functional cereals products, Appl. Microbiol.
Biotechnol. 96 (2012) 1383–1394.

[122] K. Schauer, J. Stolz, S. Scherer, T.M. Fuchs, Both thiamine uptake and biosynthesis of
thiamine precursors are required for intracellular replication of Listeria
monocytogenes, J. Bacteriol. 191 (2009) 2218–2227.

http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0515
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0515
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0515
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0520
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0520
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0520
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0525
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0525
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0525
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0530
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0530
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0535
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0535
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0535
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0540
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0540
http://refhub.elsevier.com/S0304-4165(14)00163-9/rf0540

	Diversity of membrane transport proteins for vitamins in bacteria and archaea
	1. Introduction
	2. Overview of bacterial solute transport systems
	3. Bacterial and archaeal vitamin transporters
	3.1. Vitamin B1: Thiamin
	3.1.1. Experimentally characterized thiamin transporters
	3.1.1.1. ThiBPQ
	3.1.1.2. ThiXYZ
	3.1.1.3. NiaP
	3.1.1.4. ECF-ThiT
	3.1.1.5. YkoEDC (ECF-ykoE)
	3.1.1.6. YkoF

	3.1.2. Predicted thiamin-related transporters
	3.1.2.1. ECF-ThiW
	3.1.2.2. Ecf-HmpT
	3.1.2.3. Secondary transporters: CytX, ThiU, ThiT1/ThiT2, and ThiV
	3.1.2.4. Pnu type transporter: PnuT


	3.2. Vitamin B2: Riboflavin
	3.2.1. Experimentally characterized riboflavin transporters
	3.2.1.1. ECF-RibU
	3.2.1.2. PnuX or RibM
	3.2.1.3. RfuABCD
	3.2.1.4. RibN

	3.2.2. Putative riboflavin transporters impX, rfnT, and ribXY

	3.3. Vitamin B3: Niacin (nicotinic acid — Na, nicotinamide — Nm), Nicotinamide riboside — NR
	3.3.1. ECF-NiaX
	3.3.2. NiaP
	3.3.3. PnuC
	3.3.4. NiaY

	3.4. Vitamin B5: Pantothenate
	3.4.1. PanF
	3.4.2. ECF-PanT

	3.5. Vitamin B6: Pyridoxine
	3.6. Vitamin B7: Biotin
	3.6.1. ECF-BioY
	3.6.2. YigM

	3.7. Vitamin B9: Folate
	3.7.1. ECF-FolT
	3.7.2. FBT type folate transporters

	3.8. Vitamin B12: Cobalamin
	3.8.1. ABC transporters
	3.8.2. ECF CbrT
	3.8.3. Predicted transporters: BtuM, BtuN


	4. Conclusion
	References


