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ABSTRACT

The cyanobacterium Synechococcus sp. strain PCC 7002 is a cobalamin auxotroph and utilizes this coenzyme solely for the syn-
thesis of L-methionine by methionine synthase (MetH). Synechococcus sp. strain PCC 7002 is unable to synthesize cobalamin de
novo, and because of the large size of this tetrapyrrole, an active-transport system must exist for cobalamin uptake. Surprisingly,
no cobalamin transport system was identified in the initial annotation of the genome of this organism. With more sophisticated
in silico prediction tools, a btuB-cpdA-btuC-btuF operon encoding components putatively required for a B12 uptake (btu) system
was identified. The expression of these genes was predicted to be controlled by a cobalamin riboswitch. Global transcriptional
profiling by high-throughput RNA sequencing of a cobalamin-independent form of Synechococcus sp. strain PCC 7002 grown in
the absence or presence of cobalamin confirmed regulation of the btu operon by cobalamin. Pérez et al. (A. A. Pérez, Z. Liu, D. A.
Rodionov, Z. Li, and D. A. Bryant, J Bacteriol 198:2743–2752, 2016, http://dx.doi.org/10.1128/JB.00475-16) developed a cobala-
min-dependent yellow fluorescent protein reporter system in a Synechococcus sp. strain PCC 7002 variant that had been geneti-
cally modified to allow cobalamin-independent growth. This reporter system was exploited to validate components of the btu
uptake system by assessing the ability of targeted mutants to transport cobalamin. The btuB promoter and a variant counterpart
mutated in an essential element of the predicted cobalamin riboswitch were fused to a yfp reporter. The combined data indicate
that the btuB-cpdA-btuF-btuC operon in this cyanobacterium is transcriptionally regulated by a cobalamin riboswitch.

IMPORTANCE

With a cobalamin-regulated reporter system for expression of yellow fluorescent protein, genes previously misidentified as en-
coding subunits of a siderophore transporter were shown to encode components of cobalamin uptake in the cyanobacterium
Synechococcus sp. strain PCC 7002. This study demonstrates the importance of experimental validation of in silico predictions
and provides a general scheme for in vivo verification of similar cobalamin transport systems. A putative cobalamin riboswitch
was identified in Synechococcus sp. strain PCC 7002. This riboswitch acts as a potential transcriptional attenuator of the btu
operon that encodes the components of the cobalamin active-transport system.

Synechococcus sp. strain PCC 7002 is a euryhaline, unicellular
cyanobacterium that tolerates high light intensities and a wide

range of NaCl concentrations (1, 2). This organism has one of the
highest growth rates among cyanobacteria (1, 3) and is naturally
transformable (4). Furthermore, the genome of Synechococcus sp.
strain PCC 7002 has been sequenced (http://www.ncbi.nlm.nih
.gov/), and a versatile system for genetic complementation and
overexpression exists for this organism (5). Although it is gener-
ally considered to be a photoautotroph, Synechococcus sp. strain
PCC 7002 actually has an obligate requirement for exogenous vi-
tamin B12 (cobalamin) (6). The average reported concentration of
cobalamin in seawater is around 3 ng liter�1 (or 0.003 �g liter�1)
(7) but exhibits variable vertical distribution (8). As a marine or-
ganism incapable of synthesizing cobalamin de novo (9, 10), Syn-
echococcus sp. strain PCC 7002 thus needs a specific and effective
method to transport this essential compound from its surround-
ing medium.

Cobalamin is a large tetrapyrrole molecule that cannot traverse
the cellular membrane passively (10, 11). The uptake of scarce
nutrients in Gram-negative bacteria requires a series of transport-
ers that can actively transport nutrients across the outer and inner
membranes. Components in the periplasmic space are also some-
times required for the transport of these essential nutrients into

the cytosol (11). A vitamin B twelve uptake system, or btu, occurs
in Gram-negative bacteria. It consists of BtuB, an outer mem-
brane TonB-dependent transporter (TBDT) (12) and an inner
membrane transporter (BtuCDF) of the ATP-binding cassette
(ABC) family (13). BtuB is coupled to an inner membrane com-
plex consisting of TonB, ExbB, and ExbD and shares the canonical
22-strand, �-barrel architecture of other TBDTs together with an
N-terminal, globular periplasmic domain that occludes a channel
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through the transporter and thus prevents passive diffusion into
the periplasm (12). The inner membrane ABC transporter con-
sists of a high-affinity cobalamin-binding periplasmic protein
(BtuF) that binds cobalamin in the periplasmic space and delivers
it to an inner membrane ABC transporter (BtuCD). This complex
consists of a pair of membrane-spanning permease subunits
(BtuC) and a pair of ATP-binding and hydrolysis subunits (BtuD)
(14). The inner membrane ABC transporter system utilizes ATP
hydrolysis-driven conformational changes for translocation of co-
balamin into the cytoplasm, but BtuB relies on TonB, ExbB, and
ExbD to couple proton motive force to cobalamin uptake (12, 14).
Although Synechococcus sp. strain PCC 7002 is a cobalamin auxo-
troph, the initial annotation of the genome of this cyanobacterium
failed to identify the expected genes for cobalamin uptake.

Like that of many of its eukaryotic microalgal and marine cya-
nobacterial counterparts, methionine biosynthesis is seemingly
responsible for the cobalamin auxotrophy of Synechococcus sp.
strain PCC 7002 (15, 16). Cobalamin is an essential coenzyme for
cobalamin-dependent methionine synthase, MetH, which uti-
lizes the adenosylated vitamer of cobalamin to catalyze the
transfer of a methyl group from N5-methyl-5,6,7,8-tetrahydro-
folate to L-homocysteine (17). In contrast, an unrelated isozyme,
the cobalamin-independent methionine synthase (MetE), exists
in many organisms and catalyzes the transfer of the methyl group
from N5-methyl-5,6,7,8-tetrahydrofolate to L-homocysteine di-
rectly without the use of cobalamin as an intermediary carrier
(18). Some marine algae possess genes for both MetH and MetE
and thus are able to acclimate to fluctuations in the availability of
exogenous cobalamin (19); however, MetH is usually the pre-
ferred catalyst for methionine biosynthesis because of its higher
turnover rate (20). Studies indicate that cobalamin auxotrophy in
these organisms is correlated with the loss of the metE gene (15).

In this study, in silico prediction tools (21–25) indicated that
genes SYNPCC7002_A0634 to SYNPCC7002_A0637, previously
annotated as encoding an ABC-type siderophore transporter, in-
stead might encode the canonical ABC transporter for cobalamin
(BtuCDF) and the associated TBDT outer membrane transporter
BtuB. On the basis of cobalamin-dependent regulation of the yfp
gene, encoding enhanced yellow fluorescent protein (YFP), an
assay system was developed that successfully confirmed the roles
of the predicted btuB, btuC, and btuF components in cobalamin
uptake. Surprisingly, the btuD gene could not be identified in this
study. Global transcription profiling by high-throughput RNA se-
quencing (RNA-seq) and characterization of the btu promoter
variants with yfp reporter fusions support the presence of a pre-
dicted cobalamin riboswitch in the untranslated leader sequence
upstream of this newly validated btu operon.

MATERIALS AND METHODS
Strains, culture conditions, and transformation procedure. Synechococ-
cus sp. strain PCC 7002 was obtained from the Pasteur Culture Collection
(Institut Pasteur, Paris, France) (26). Pérez et al. (16) have described a
cobalamin-independent Synechococcus sp. strain PCC 7002, designated
strain AAP005, that expresses the metE gene of Synechococcus sp. strain
PCC 73109 from pAQ1Ex under the control of the Synechocystis sp. strain
PCC 6803 PpsbA2 promoter and harbors a cobalamin-sensing YFP reporter
system. Strain AAP005 was utilized as the background strain for all of the
mutants used in this study. Strain AAP005 and mutants derived from it
(described below) were grown in medium A supplemented with 1 mg of
NaNO3 ml–1 (designated medium A�), which additionally contains 4 �g
of cyanocobalamin liter�1 (4), also designated A� B12

�, or in medium A�

with cyanocobalamin omitted, designated A� B12
–. All Synechococcus sp.

strain PCC 7002 mutants were grown photoautotrophically in 20-mm
culture tubes containing 10 ml of liquid medium. Cultures were grown at
38°C with continuous illumination from cool white fluorescent lights at
250 �mol of photons m–2 s–1 and sparging with 1% (vol/vol) CO2 in air,
defined as “standard conditions” (1). Antibiotics at the following concen-
trations were supplied when required: 50 �g of spectinomycin ml–1, 100
�g of kanamycin ml–1, 20 �g of erythromycin ml–1, and 20 �g of genta-
micin ml–1. Transformation of Synechococcus sp. strain PCC 7002 was
performed as described previously (5).

PCR amplification, digestions, and ligations. The sequences of the
primers utilized for PCR in this study are provided in Tables S1 and S2 in
the supplemental material. PCR amplifications in this study were per-
formed with Phusion High-Fidelity DNA polymerase (catalog number
M0530S; New England BioLabs Inc.). Purification of PCR amplicons
prior to digestion with restriction enzymes was achieved by an isopropa-
nol-and-ethanol purification method as described previously (5). Di-
gested fragments were electrophoretically resolved on 0.8% (wt/vol) aga-
rose gels and purified with the EZ-10 Spin Column DNA Extraction kit
from Bio Basic Inc. (catalog number BS353). Ligations were carried out
for 8 h at 16°C with T4 DNA ligase (New England BioLabs Inc.) in
equimolar reaction mixtures (volume, 20 �l).

Prediction of a putative B12 uptake (btu) operon in Synechococcus
sp. strain PCC 7002. Previously reconstructed B12 riboswitch regulons in
the cyanobacterial genomes were extracted from the RegPrecise database
(http://regprecise.lbl.gov/) (21). Comparative genomic analysis of the
btuBFC genes in Synechococcus genomes was performed with the SEED
platform (http://pubseed.theseed.org/), which supports the identification
and projection of metabolic subsystems across prokaryotic genomes (22).
Additionally, identification of orthologs in closely related genomes and
genome neighborhood analysis were performed with the MicrobesOnline
tool (http://www.microbesonline.org) (23). Computational identifica-
tion of B12 riboswitches in untranslated upstream leader regions was per-
formed with the RibEx Riboswitch Explorer tool (27). The RNA second-
ary structures of B12 riboswitches, including potential antiterminators
and antisequestors, were predicted with Zuker’s algorithm of free-energy
minimization (24), as implemented in the Mfold program (http://www
.bioinfo.rpi.edu/applications/mfold/). Multiple-sequence alignments of
DNA regions upstream of btuB genes were constructed with ClustalX
(25).

Deletion of genes for predicted components of cobalamin transport.
The ermC erythromycin resistance cassette from pRL409 (29) was ampli-
fied with primers ermC_F and erm_R (see Table S1 in the supplemental
material). Multiple primers (see Table S2) were designed to obtain up-
stream and downstream flanking regions of the genes to be deleted (Fig.
1). A ligation reaction mixture containing the digested flanking fragments
and the ermC erythromycin resistance cartridge was prepared to obtain
�btuX::ermC (X represents different btu gene loci) constructs. The liga-
tion reaction for each �btuX::ermC construct was used as the template for
a nested PCR with appropriate flanking primers (see Table S2 and Fig. S1
in the supplemental material). Each putative btu gene was deleted by
transforming the �btuX::ermC construct into strain AAP005 (Fig. 2A) as
described by Pérez et al. (16). Segregation of the various btuX and �btuX::
ermC alleles was performed on plates prepared with A� B12

– medium,
which also contained erythromycin, spectinomycin, and kanamycin. Full
segregation of alleles was confirmed by colony PCR performed with
screening primers (see Table S2).

In vivo evaluation of putative btu components in Synechococcus sp.
strain PCC 7002. A schematic explaining the in vivo assay for evaluating
essential cobalamin uptake genes is presented in Fig. 2. AAP005 �btuX::
ermC strains (16) were grown in liquid medium A� B12

– supplemented
with erythromycin, spectinomycin, and kanamycin under standard
growth conditions (1). Starter cultures were diluted to an optical density
at 730 nm (OD730) of 0.05 in A� or A� B12

– medium with the appropriate
antibiotics. Cultures were grown under standard growth conditions to an
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OD730 of 1.5. Each AAP005 �btuX::ermC strain was grown in the presence
or absence of cobalamin to allow fluorometric comparison of the YFP
contents under the two conditions. The YFP fluorescence amplitude at
527 nm per OD730 unit was determined with an SLM-Aminco 8100C
fluorometer modernized for computer data acquisition by On-Line In-
strument Systems (Bogart, GA) (5). Cell suspensions were adjusted to
an OD730 of 1.0 for data acquisition. The excitation wavelength was
488 nm.

Global transcriptional profiling. Starter cultures of Synechococcus sp.
strain PCC 7002 were grown under standard conditions with the appro-
priate antibiotics at an OD730 of 0.05 and diluted to produce triplicate
cultures. The triplicate cultures were harvested in exponential phase at an
OD730 of 0.7 for RNA extraction for global transcriptional profiling ex-
periments as described previously (1). Construction of cDNA libraries
and SOLiD sequencing were performed in the Genomics Core Facility at
The Pennsylvania State University (University Park, PA). Data analysis
was performed as described previously (1). Transcript levels of a cobala-
min-independent Synechococcus sp. strain PCC 7002 variant with the na-
tive metH gene deleted (strain AAP002) (16) were compared when the
strain was grown in the presence or absence of cobalamin. For the com-
plete data, see Table S3 in the supplemental material.

In vivo fluorescence assay shows that the putative btuB leader se-
quence contains a predicted cobalamin riboswitch. A 564-bp region up-
stream of SYNPCC7002_A0637 (btuB) was amplified with primers 120

and 121 (see Table S2 in the supplemental material); this PbtuB promoter,
which is predicted to contain a cobalamin riboswitch, was transcription-
ally fused to the yfp gene in pAQ3Ex as described previously (16). A dou-
ble cytosine-to-thymine transition variant (CC to TT or CC to UU in
RNA) of the putative btuB cobalamin riboswitch at the P1 helix-B12 box
interface was synthesized (GenScript, Piscataway, NJ) to generate PbtuB-1.
This variant promoter was also transcriptionally fused to the yfp gene in
pAQ3Ex. Both constructs were transformed into strain AAP002 (16). In
vivo fluorescence of YFP controlled by PbtuB and PbtuB-1 was measured as
described above (5).

Deletion of the native metH gene from Synechococcus sp. strain PCC
7002 in btu mutant strains. The aacC1 gentamicin resistance cassette
from pMS255 (30) was amplified from a pAQ1Ex construct containing
this gene with primers aacC1_F and aacC1_R (see Table S1 in the supple-
mental material). This gene was used to replace the ermC erythromycin
resistance cassette previously used to delete the native metH gene from
strain AAP002 (16). The �metH::ermC construct was amplified by colony
PCR from strain AAP002 (16) with primers Nest_dmetH_F and Nest_
dmetH_R (see Table S1). Digestion of the �metH::ermC amplicon with
BamHI and EcoRI was followed by purification of the digested flanking
sites as described above. The BamHI- and EcoRI-digested aacC1 amplicon
and the digested upstream and downstream metH fragments were mixed
and ligated, and the product was used as a template for the amplification
of �metH::aacC1 with primers Nest_dmetH_F and Nest_dmetH_R (see

FIG 1 (A) Organization of btuBCDF orthologs and cobalamin riboswitches in various cyanobacterial genomes. The yellow cloverleaf structures show the
locations of predicted cobalamin riboswitches. (B) The btu operon in Synechococcus sp. strain PCC 7002 containing btuB, btuF, btuC, and a putative 3=,5=-cyclic-
nucleotide phosphodiesterase gene (cpdA). The predicted btuD gene (SYNPCC7002_A1648), which might encode the ATPase component of the inner mem-
brane ABC transporter, is not located in the btu operon. btuB encodes the TonB-dependent outer membrane transporter, btuF encodes the periplasmic
cobalamin-binding protein of the inner membrane ABC transporter, and btuC encodes the permease subunit of the inner membrane cobalamin ABC trans-
porter. The annotation column shows the original descriptions, not those determined functionally in this study, which are reflected by the btu gene designations.
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Fig. S2 in the supplemental material). This �metH::aacC1 amplicon was
used to transform the AAP005 strains harboring the individual �btuX::
ermC mutations that also carried the cobalamin-dependent YFP fluores-
cence reporter system. Transformants were streaked on A� B12

– medium
plates supplemented with gentamicin, spectinomycin, kanamycin, and
erythromycin. Full segregation of the �metH::aacC1 and �metH::ermC
alleles was confirmed with the Nest_dmetH_F and Nest_dmetH_R prim-
ers (see Table S1) for colony PCR. Evaluation of the individual btu com-
ponents was assayed by measuring YFP fluorescence in vivo as described
above.

Accession number. The cDNA sequence data have been submitted to
the NCBI Sequence Read Archive under accession number SRP076516.

RESULTS
The btu operon of Synechococcus sp. strain PCC 7002. Candidate
genes encoding the vitamin B12 uptake transporter (btuBCD) were
identified as predicted members of vitamin B12 riboswitch regu-
lons in cyanobacteria (Fig. 1). The Synechococcus sp. strain PCC
7002 btu operon resembles that of Acaryochloris marina
MBIC11017 but lacks the frdA gene that encodes a subunit of
fumarate reductase (Fig. 1A). In Synechococcus sp. strain PCC
7002, this putative vitamin B12 transporter is encoded by open
reading frames SYNPCC7002_A0637 to SYNPCC7002_A0634.
However, the putative btuD gene, SYNPCC7002_A1648, which is
predicted to encode an ATPase subunit of an ABC transporter, is
not included in this operon (Fig. 1A). These genes had previously
been annotated as encoding components of a siderophore trans-
porter (Fig. 1B).

The btu cobalamin uptake genes are not essential in a cobal-
amin-independent strain of Synechococcus sp. strain PCC 7002.
The predicted btu genes (Fig. 1) were deleted from strain AAP005
(16). Deletion of each btu gene (see Fig. S1 in the supplemental
material) was achieved by individually replacing it with the ermC

erythromycin resistance cassette from pRL409 (29). The facile
deletion of these genes from cobalamin-independent strain
AAP005 (see Fig. S3 in the supplemental material) demon-
strates that these genes are not essential in this genetic back-
ground. These strains grow well in the absence of cobalamin
but require more frequent transfers to maintain viability. This
probably denotes a loss of fitness of the cells as a result of the
extensive genetic alterations.

Identification of the btuB, btuC, and btuF genes. The AAP005
�btuX::ermC strains (Fig. 2 and 3) were grown in the presence or
absence of cobalamin to determine if the deleted genes encode
proteins required for cobalamin uptake. If a gene product func-
tions in cobalamin uptake, the YFP fluorescence amplitude levels
measured in vivo should be the same in the presence or absence of
exogenous cobalamin because no cobalamin will enter the cell and
bind to the riboswitch to relieve transcription attenuation (Fig.
2B). Deletion of the individual predicted btu genes should be suf-
ficient to inactivate cobalamin transport (12, 13) and thus dere-
press the expression of yfp through the metE riboswitch of the
reporter system. Deletion of SYNPCC7002_A0634 (btuC), which
is predicted to encode the permease subunit of the ABC trans-
porter for cobalamin, produced a strain in which yfp expres-
sion was insensitive to exogenous cobalamin. Similar YFP flu-
orescence amplitudes were measured in the presence or
absence of exogenous cobalamin (Fig. 3B). This result shows
that BtuC plays an essential role in cobalamin uptake. A strain
lacking SYNPCC7002_A0635 (btuF), which is predicted to encode
the periplasmic cobalamin-binding protein of the ABC trans-
porter, also showed similar (and elevated) YFP fluorescence am-
plitudes in the presence or absence of exogenous cobalamin (Fig.
3C). The deletion of SYNPCC7002_A0637 (btuB), predicted to

FIG 2 In vivo fluorescence reporter system for verification of genes essential for cobalamin uptake. (A) Strain AAP005, a cobalamin-independent Synechococcus
sp. strain PCC 7002 variant, the result of MetE complementation, was used as a background strain for this assay. In this strain, the yfp gene is under the control
of a fused cpcBA/metE promoter construct that can sense cobalamin via a cobalamin riboswitch (16). Uptake of cobalamin into the cell will lead to repression of
yfp expression in the presence of exogenous cobalamin. (B) Cobalamin is a large tetrapyrrole molecule that is only capable of traversing the cell membrane via
active transport. If a knockout mutation eliminates an essential component of this uptake system, cobalamin will not traverse the inner and outer cell membranes
(IM and OM, respectively) and YFP levels will be independent of exogenous cobalamin.
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encode the TonB-dependent outer membrane transporter of co-
balamin, likewise confirmed that it is essential for cobalamin up-
take (Fig. 3E).

Bioinformatic analyses suggested that SYNPCC7002_A1648
was the most likely candidate gene to encode BtuD, the ATPase sub-
unit of the inner membrane cobalamin ABC transporter. However,
deletion of SYNPCC7002_A1648 produced a strain in which the
yfp reporter gene was repressed in the presence of exogenous co-
balamin (Fig. 3F). This indicates that cobalamin transport was still
functional in the mutant with SYNPCC7002_A1648 deleted. Sim-
ilarly, a deletion mutant lacking SYNPCC7002_A0636 also
showed repression of yfp in the presence of cobalamin (Fig. 3D).
SYNPCC7002_A0636 is annotated as a putative 3=,5=-cyclic-nu-
cleotide phosphodiesterase (CpdA) that is not predicted to play a
role in cobalamin uptake but is nevertheless a part of the btu
operon, along with btuB, btuC, and btuF (Fig. 1). It should be
noted that the patterns of yfp expression were the same as those in
Fig. 3 when the metH gene was also deleted from the btu deletion
strains (data not shown; Fig. S2 in the supplemental material
shows confirmation of the deletion of metH in each mutant).
However, the deletion mutants that also lacked metH grew more
slowly and did not propagate as well on plates.

Global transcriptional profiling of a cobalamin-independent
Synechococcus sp. strain PCC 7002 variant shows that the btu
operon is regulated by cobalamin. Strain AAP002 (16) was
grown in the presence or absence of cobalamin to evaluate cobal-
amin-dependent regulation of genes by global transcriptional
profiling (1). The relative transcript abundances of the btu operon
genes were much higher in the absence of exogenous cobalamin

(Table 1; Fig. 4), and only the four genes of the btu operon
changed transcript abundance levels to an appreciable extent. For
example, the btuB gene (SYNPCC7002_A0637), which is imme-
diately downstream from the promoter region for the btu operon,
showed relative transcript levels that were 249-fold lower in the
presence of exogenous cobalamin. The relative transcript levels of
the other genes in the operon decreased more moderately in the
presence of cobalamin and were only about 20-fold lower (Table
1). The obvious correlation between transcript levels and exoge-
nous cobalamin suggests that cobalamin-dependent transcrip-
tional attenuation of the btu operon occurs. Analysis of the pro-
moter region of the Synechococcus sp. strain PCC 7002 btu operon
revealed the presence of a B12 box, an essential and conserved
region of cobalamin riboswitches (31), as well as elements suggest-
ing control by transcriptional attenuation, such as a putative ter-

FIG 3 Validation of cobalamin uptake genes. (A) Strain AAP005, in which addition of cobalamin to growth medium causes repression of YFP fluorescence. All
btu deletion strains were generated with this strain. (B) AAP005 btuC (SYNPCC7002_A0634) mutant. (C) AAP005 btuF (SYNPCC7002_A0635) mutant. (D)
AAP005 cpdA (SYNPCC7002_A0636) mutant. (E) AAP005 btuB (SYNPCC7002_A0637) mutant. (F) AAP005 putative btuD (SYNPCC7002_A1648) mutant.
Each bar represents the average emission amplitude of YFP at 527 nm with excitation at 488 nm of three biological replicates after normalization to set the highest
fluorescence value as 100%. Cell densities were normalized to an OD730 of 1.0. The error bars represent the standard deviations of these measurements. The
asterisks represent statistical significance, with P values as follows: none, P � 0.05; *, P � 0.05; ***, P � 0.001; ****, P � 0.0001; ns, not significant.

TABLE 1 Relative transcript abundances of genes of the btu operon in
cells of strain AAP002

Gene

Relative transcript
abundancea Fold

decrease
with
cobalamin P value

Without
cobalamin

With
cobalamin

SYNPCC7002_A0634 (btuC) 2.79E�04 1.29E�05 21.6 �0.001
SYNPCC7002_A0635 (btuF) 6.35E�04 3.51E�05 18.1 �0.001
SYNPCC7002_A0636 (cpdA)b 7.78E�04 3.98E�05 19.5 �0.001
SYNPCC7002_A0637 (btuB) 1.46E�03 5.85E�06 249.5 �0.001
a Cultures were grown with or without exogenous cobalamin.
b Encodes a putative 3=,5=-cyclic-nucleotide phosphodiesterase.
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minator and a poly-U tract (Fig. 5A; see Fig. S4 in the supplemen-
tal material) (28).

A double cytosine-to-thymine transition mutation in the
conserved 3= site of the B12 box causes loss of cobalamin regula-
tion. To demonstrate that cobalamin regulation by PbtuB is the
result of a cobalamin riboswitch, mutations in conserved se-
quence regions such as the B12 box are frequently employed (31).
A transition mutation of the conserved CC motif at the 3= end of
the B12 box-P1 helix interface to TT (UU in RNA) was introduced
(Fig. 5A). In comparison with the wild-type promoter PbtuB (Fig.
5B), Fig. 5C demonstrates that cobalamin-dependent regulation is
eliminated when yfp expression is controlled by the variant pro-
moter PbtuB-1.

DISCUSSION

The marine cyanobacterium Synechococcus sp. strain PCC 73109,
a close relative of Synechococcus sp. strain PCC 7002 (32), contains
genes for both cobalamin-dependent methionine synthase
(MetH) and cobalamin-independent methionine synthase
(MetE), which are isozymes catalyzing the conversion of L-homo-
cysteine to L-methionine (16). Heterologous expression of metE
from Synechococcus sp. strain PCC 73109 is sufficient to comple-
ment the cobalamin auxotrophy of Synechococcus sp. strain PCC
7002, which solely possesses the cobalamin-dependent isozyme
MetH and is incapable of de novo cobalamin biosynthesis (16).
The use of MetH for methionine synthesis must therefore be com-
plemented by a high-affinity uptake system to transport the large
cobalamin molecule into cells from the environment (16). Initial
annotation of the Synechococcus sp. strain PCC 7002 genome
failed to identify candidate genes for cobalamin transport. With
more sophisticated bioinformatic tools and comparative geno-
mics, candidate genes, previously annotated as siderophore up-
take genes (Fig. 1), were predicted to encode components of the
cobalamin transport system (BtuBCDF) (12, 13). A yfp reporter
system controlled by a cobalamin riboswitch was used to assess

FIG 4 Changes in the relative transcript abundances of the btu operon genes.
RNA was isolated from triplicate cultures of strain AAP002. Cells were grown
in medium A� with or without cobalamin under standard conditions. The
blue and green lines indicate a 2-fold increase and a 50% decrease in relative
transcript abundance, respectively.

FIG 5 Predicted secondary structure of the cobalamin riboswitch in the btuB
leader region of Synechococcus sp. strain PCC 7002. (A) The boxed bases rep-
resent the B12 box-P1 helix interface, where a CC-to-TT (UU in the RNA
structure) transition mutation was introduced to generate promoter variant
PbtuB-1. Comparison of YFP expression in the presence or absence of cobala-
min for the PbtuB (B) and PbtuB-1 (C) promoter variants. Each bar represents the
average emission amplitude of YFP at 527 nm with excitation at 488 nm of
three biological replicates after normalization by using the highest fluores-
cence value as 100%. Cell densities were normalized to an OD730 of 1.0. The
error bars represent the standard deviations of these measurements. The as-
terisks represent statistical significance with P values as follows: none, P � 0.05;
****, P � 0.0001; ns, not significant. WT, wild type.
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predicted btu genes by in vivo fluorometric assays of deletion mu-
tants for the predicted genes (Fig. 2). These studies confirmed the
assignments of btuB, btuC, and btuF in cobalamin transport but
failed to confirm the predicted btuD gene (12, 13).

The btuB, btuF, and btuC genes are included in an operon (Fig.
1) together with a gene (cpdA; SYNPCC7002_A0636) for 3=,5=-
cyclic-nucleotide phosphodiesterase, which apparently has no
role in cobalamin uptake (Fig. 3D). This is expected, because cpdA
exhibits no amino acid sequence similarity or conserved domains
related to ABC transporter subunits (data not shown). It is possi-
ble that the slight derepression observed in Fig. 3D compared to
the control in Fig. 3A is due to downstream effects on essential
components in the btu operon such as btuF and btuC. The putative
btuD gene encoding the ATPase subunit of the inner membrane
ABC transporter complex was predicted to occur elsewhere in
the genome. The location of this gene, downstream of a ferric
uptake regulator (fur; SYNPCC7002_A1649), might indicate
that the ATPase subunit produced by the gene plays a role in
siderophore uptake (33). The facile deletion and full allele segre-
gation of all of the btu genes in the cobalamin-independent Syn-
echococcus sp. strain PCC 7002 variant indicate that these compo-
nents are no longer essential for viability in this genetic
background (see Fig. S3 in the supplemental material). It was ob-
served that complete deletion of the SYNPCC7002_A0635 (btuF)
gene is possible in wild-type Synechococcus sp. strain PCC 7002,
but this mutation caused an obvious decrease in the growth rate;
this observation suggests that some cobalamin may enter cells
without the participation of BtuF (results not shown). In Salmo-
nella enterica serovar Typhimurium, deletion of individual btu
components still allowed that bacterium to grow at high concen-
trations of exogenous cobalamin, whereas deletion of multiple btu
genes significantly impaired cobalamin uptake even at high con-
centrations of exogenous cobalamin (34). In Synechococcus sp.
strain PCC 7002, it is possible that cobalamin can accumulate in
the periplasmic space in the absence of BtuF and support some
transport through the BtuC-BtuD complex (35). This is also dem-
onstrated in Fig. 3C, which shows that despite deletion of btuF,
some repression of YFP might occur in comparison to btuC (Fig.
2B) and btuB (Fig. 3E).

There are multiple possibilities for why it was not possible to
identify BtuD in this study. One is that the ATPase subunit of the
cobalamin transporter has diverged substantially from other sub-
units of ABC transporters for this compound. While this may be
the case, an alternative is that a btuD mutant can be rescued by
ATPase subunits of ABC transporters for other compounds. It is
also possible that ABC transporters in cyanobacteria share ATPase
subunits. Support for this idea comes from the observation that
operons for ABC transporters frequently lack an associated gene
for the ATPase subunit. ABC transporters in prokaryotes and eu-
karyotes are known to experience functional redundancy among
members of this large protein superfamily (36). The BtuB trans-
porter obviously has binding specificity for cobalamin, which
could not be easily replaced with other outer membrane importers
for structurally unique siderophores (34, 37), and the BtuC per-
mease must form a cavity that is large enough to accommodate
cobalamin (35). In contrast, the BtuD components of ABC trans-
porters are often quite highly conserved among members of the
ABC transporter superfamily (38). Further comparative genomic
analyses, as well as biochemical studies of the ABC transporter for
cobalamin, could help to identify the missing subunit(s).

Global transcriptional profiling (1) was used to investigate
whether relative transcript abundances were correlated with the
presence or absence of cobalamin in a cobalamin-independent
variant of Synechococcus sp. strain PCC 7002. This approach pro-
vided strong evidence for a cobalamin-responsive element in the
regulation of the btuB-cpdA-btuC-btuF operon (Fig. 4). The rela-
tive transcript abundances for genes in this operon decreased at
least 20-fold or more, with btuB experiencing a 250-fold decrease,
in the presence of exogenous cobalamin (Table 1). Coupled with
the prediction of a cobalamin riboswitch within the btu operon
promoter region (see Fig. S1 in the supplemental material), these
data suggested the presence of a potential cobalamin riboswitch
that is responsible for the transcriptional regulation of the genes
for cobalamin uptake in Synechococcus sp. strain PCC 7002. Addi-
tional experimentation is required to ascertain the precise mode of
regulation of the btuB cobalamin riboswitch; however, the large
differences in relative transcript levels observed in the RNA-seq
data (Fig. 4), as well as the predicted structure of the riboswitch
itself (Fig. 5A), suggest that this riboswitch functions to attenuate
transcription. No other cobalamin riboswitches were predicted to
occur in the genome of Synechococcus sp. strain PCC 7002 (D. A.
Rodionov, results not shown), a result that is supported by the
global transcription profiling data. No btuD candidate was iden-
tified in the RNA-seq analyses, again suggesting that it is possible
that no single ABC transporter ATPase subunit is responsible for
cobalamin uptake.

Despite the possibility of homologous recombination with the
chromosomal btuB promoter, the btuB leader region controlling
the btuB-cpdA-btuF-btuC operon was capable of regulating YFP
via repression in the presence of exogenous cobalamin (Fig. 5B).
Mutagenesis of essential nucleotides at the B12 box–P1 helix-loop
interface eliminated the response to cobalamin of the btuB pro-
moter, confirming the presence of a cobalamin riboswitch in its
leader region (Fig. 5C). Interestingly, expression levels observed
for the mutant construct were lower than those observed for the
wild-type counterpart. This phenomenon was first observed by
Warner et al. (31), and though it is unknown what leads to this
change in expression, it is likely that the nucleotide changes in the
mutant cobalamin riboswitch could generate an alternative sec-
ondary-structure change that affects the processivity of RNA poly-
merase in the btuB operator/promoter.

Wilhelm and Trick (6) provided the first evidence of proteins/
genes regulated by exogenous cobalamin in Synechococcus sp.
strain PCC 7002. The results of this study show that those proteins
were probably the products of the btu operon, which is regulated
by a cobalamin riboswitch. As a marine organism that is incapable
of synthesizing its own cobalamin de novo, Synechococcus sp. strain
PCC 7002 requires a highly specific btu transport system to take up
cobalamin produced by other marine bacteria (9, 10) for use as a
coenzyme for methionine biosynthesis (16). It is possible that Syn-
echococcus sp. strain PCC 7002 once had a metE gene like closely
related strain Synechococcus sp. strain PCC 73109, but because of
the availability of cobalamin in its environment, it may have lost
the metE gene at some point in its evolutionary history, a situation
similar to that documented in some eukaryotic algae (19). This
could explain the presence of a cobalamin riboswitch for regula-
tion of the btu operon, which could be a vestige of a system that
also enabled Synechococcus sp. strain PCC 7002 to switch between
the two methionine synthase isozymes. The presence of metE on a
plasmid that can be highly variable in sequence and gene content
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in Synechococcus sp. strain PCC 73109 is consistent with this pos-
sibility.

This study shows that the cobalamin-independent Synechococ-
cus sp. strain PCC 7002 reporter variant can potentially be utilized
as a platform to test cobalamin riboswitches from other organisms
for which axenic cultures do not exist or genetic systems are un-
available. For example, microbial mat communities possess a met-
abolic exchange network that sustains all of the organisms present
(39, 40), and vitamin exchange, including vitamin B12 exchange,
seems to be an important component of this network (41) (D. A.
Rodionov, unpublished data). Metagenomics provide an indis-
pensable tool in studying such communities, and this study de-
scribes one tool that can be used to confirm genomic inferences
experimentally.
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