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ABSTRACT: The first demonstrated example of a regulatory
function for a bacterial hemerythrin (Bhr) domain is reported. Bhrs
have a characteristic sequence motif providing ligand residues for a
type of non-heme diiron site that is known to bind O2 and undergo
autoxidation. The amino acid sequence encoded by the VC1216
gene from Vibrio cholerae O1 biovar El Tor str. N16961 contains an
N-terminal Bhr domain connected to a C-terminal domain
characteristic of bacterial diguanylate cyclases (DGCs) that catalyze
formation of cyclic di-(3′,5′)-guanosine monophosphate (c-di-
GMP) from GTP. This protein, Vc Bhr-DGC, was found to
contain two tightly bound non-heme iron atoms per protein monomer. The as-isolated protein showed the spectroscopic
signatures of oxo/dicarboxylato-bridged non-heme diferric sites of previously characterized Bhr domains. The diiron site was
capable of cycling between diferric and diferrous forms, the latter of which was stable only under anaerobic conditions,
undergoing rapid autoxidation upon being exposed to air. Vc Bhr-DGC showed approximately 10 times higher DGC activity in
the diferrous than in the diferric form. The level of intracellular c-di-GMP is known to regulate biofilm formation in V. cholerae.
The higher DGC activity of the diferrous Vc Bhr-DGC is consistent with induction of biofilm formation in low-dioxygen
environments. The non-heme diiron cofactor in the Bhr domain thus represents an alternative to heme or flavin for redox and/or
diatomic gas sensing and regulation of DGC activity.

Cyclic di-(3′,5′)-guanosine monophosphate (c-di-GMP) is
a ubiquitous bacterial “second messenger”, regulating

processes such as biofilm formation, motility, and virulence.1−5

A prime exemplar is Vibrio choleraeEL, the causative agent of
human epidemic cholera. Biofilm formation facilitates survival
of V. cholerae and is positively controlled by c-di-GMP
levels.6−8 By contrast, lower c-di-GMP levels promote motility
and virulence of V. cholerae.9−11

c-di-GMP formation is catalyzed by diguanylate cyclases
(DGCs), which convert two GTPs into one c-di-GMP and two
inorganic pyrophosphates (PPi), as shown in Scheme 1. DGCs
are often termed GGDEF proteins because of their character-
istic active site sequence motif. Many bacteria contain multiple
genes encoding GGDEF proteins.12

Most DGCs are chimeric proteins containing a GGDEF
domain and at least one additional domain that regulates DGC
activity.3,12−14 Phosphorylation of a response regulator receiver
domain or changes in quaternary structure have been
implicated in regulating activities of some DGCs.3,13,15,16

Activities of other chimeric DGCs are known to be regulated
by redox changes of heme- or flavin-containing domains.17−20

Two full-length chimeric DGCs have been structurally
characterized.15,16,21 Their minimal functional units consist of
homodimers in which two GGDEF domains directly contact
each other, with the active sites spanning subunit interfaces.
GGDEF domains in DGCs also typically contain non-
competitive product inhibition sites having a characteristic
RXXD sequence motif.
At least 40 genes in a wide variety of bacteria encode

chimeric proteins containing a DGC domain and a second
domain with a sequence characteristic of a class of non-heme
diiron proteins called bacterial hemerythrins (Bhrs).22,23 Bhrs
contain a characteristic sequence motif found in a class of
invertebrate non-heme diiron O2-binding proteins called
hemerythrins (Hrs).24,25 Xiong et al. isolated and characterized
the first example of a Bhr domain, DcrH-Hr, as a soluble
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protein derived from a much larger transmembrane protein
termed Desulfovibrio chemoreceptor protein H (DcrH).26 The
DcrH-Hr X-ray crystal structure was subsequently determined
in the diferric, diferrous, and mixed-valent forms.27,28 The
DcrH-Hr structure closely resembles those of invertebrate Hrs,
featuring a four-helix bundle protein backbone surrounding an
oxo/dicarboxylato-bridged diiron site with terminal His ligands.
The diferrous DcrH-Hr formed the expected O2 adduct, but
this adduct underwent relatively rapid autoxidation to the
diferric form (t1/2 < 1 min at room temperature vs ∼20 h for
invertebrate Hrs).26,28 Two other Bhrs were subsequently
isolated and characterized;29−32 they both contained diiron sites
with spectroscopic and redox properties very similar to those of
DcrH-Hr. Hundreds of Bhr homologues have now been
identified in bacterial genomes.22,23 Approximately 25% of
these homologues occur in putative chimeric proteins in which
the Bhr sequence is connected to another functional domain,23

including the aforementioned Bhr-DGCs.
V. choleraeEL contains a gene (VC1216) encoding a chimeric

Bhr-DGC, hereafter termed Vc Bhr-DGC. The domain
structure inferred from the sequence is diagrammed in Figure
1. The seven predicted diiron ligand residues shown in Figure 1
are conserved in all known invertebrate Hrs and the vast
majority of Bhr sequences.24,27,33,34 This conservation also
extends to hydrophobic residues that line the O2 binding
pocket in invertebrate Hrs. An in vivo connection of Vc Bhr-
DGC to iron is supported by the observation that, among the
∼40 V. choleraeEL genes encoding GGDEF domain proteins,
VC1216 is the only one whose transcription was found to be
downregulated under iron-depleted growth conditions.35

VC1216 transcription was also found to be upregulated in
response to increased c-di-GMP levels.36 An obvious inference
from the diiron site and reversible O2 binding of invertebrate
Hrs is that Bhr domains function as allosteric O2 or redox
sensors. However, no full-length chimeric protein containing a
Bhr domain has been isolated or characterized until now. Here
we report the characterization of full-length Vc Bhr-DGC.

■ MATERIALS AND METHODS

Reagents and General Procedures. Reagents and buffers
were of the highest grade commercially available. All reagents,
protein, and media solutions were prepared using water purified
with a Millipore ultrapurification system to a resistivity of 18
MΩ to minimize trace metal ion contamination. c-di-GMP was
purchased from Axxora, LLC (Farmingdale, NY), and GTP was
from Epicenter Biotechnologies (Madison, WI). An Escherichia
coli strain for expression of a His-tagged tobacco etch virus
(TEV) protease S219V variant was obtained from Addgene,
and the protease was expressed, isolated, and purified as
described in the Supporting Information.

Cloning. The VC1216 gene was amplified via polymerase
chain reaction from genomic DNA of V. choleraeEL and cloned
into the NcoI and SalI sites of the pAG8H plasmid (kindly
provided by P. John Hart). pAG8H is derived from
pkM26537,38 and encodes an N-terminal eight-His tag followed
by a TEV protease cleavage sequence. Residues
MDHHHHHHHHASENLYFQGA are added to the N-
terminus of the expressed protein (the pAG8H plasmid map
is shown in Figure S1 of the Supporting Information). The
nucleotide sequence of the VC1216 gene in pAG8H was
confirmed by sequencing at the University of Texas Health
Science Center at San Antonio Nucleic Acids Core Facility.

Protein Overexpression. pAG8H containing the VC1216
gene was heat-shock-transformed into BL21(DE3)/pLysE and
plated on Luria-Bertani (LB)/agar containing 100 μg of
ampicillin (amp) and 35 μg of chloramphenicol (Cm) per
milliliter. Individual colonies were used to inoculate 100 mL
LB/amp/Cm starter cultures, which were incubated overnight
at 37 °C. The starter cultures were used to inoculate 1 L LB/
amp/Cm volumes, and these cultures were grown to an OD of
1.0 while being shaken at 37 °C. The temperature of the
cultures was then reduced to 23 °C; 100 mg of FeSO4 per liter
was added, and protein overexpression was induced by the
addition of 0.5 mM isopropyl β-D-thiogalactoside. The cultures
were grown overnight at 23 °C, and cells were harvested by
centrifugation at 4 °C. The cell paste was frozen and stored at
−80 °C.

Protein Isolation and Purification. The buffer used for all
protein isolation and purification steps consisted of 50 mM
MOPS and 0.25 M NaCl (pH 7.3). Thawed cell paste was
suspended in buffer and lysed by sonication on ice. Cell debris
was removed by centrifugation, and we purified the overex-
pressed protein by passing the supernatant over a 10 mL
HisPure cobalt resin (Thermo Fisher Scientific, Inc.), washing
the loaded column with buffer, and then eluting with an
imidazole gradient (0 to 250 mM imidazole in buffer). The
purest fractions, as determined by 12% SDS−PAGE, were
pooled and concentrated at 4 °C with a Millipore Ultrafree 15
concentrator with a 30 kDa cutoff. The purified protein was
exchanged into 50 mM MOPS and 20% glycerol (pH 7.3)
using the same concentrator and then stored at −20 °C. In
some preparations, the eight-His tag was removed from the
purified Vc Bhr-DGC by incubation with His-tagged TEV
protease (1 mg of protease per 50 mg of Vc Bhr-DGC)
overnight at 4 °C in 50 mM tris(hydroxymethyl)-
aminomethane, 1 mM citrate, 1 mM β-mercaptoethanol, and
10% glycerol (pH 7.5). The His-tagged TEV protease was then
separated from the tag-free Vc Bhr-DGC using the HisPure
cobalt column, as described above. The tag-free Vc Bhr-DGC,
which eluted in the flow-through, was buffer exchanged as
described above.

Figure 1. Annotated domains and sequence motifs for the 372-residue Vc Bhr-DGC encoded by VC1216. Predicted iron ligand residues are
indicated in the Bhr domain. Predicted active (A site) and inhibitory (I site) sequence motifs are indicated in the DGC domain. NarQ? refers to a
provisional annotation as homologous to sequences in nitrate/nitrite sensor proteins. The residue 132 C-terminal limit of the Bhr domain is from
Bailly et al.23 Sequence limits for the other domains are those listed at http://www.ncbi.nlm.nih.gov/protein/15641229?report=graph.
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Reduction and Reoxidation of the Diiron Site in Vc
Bhr-DGC. Anaerobic stock solutions of sodium dithionite in
buffer were freshly prepared under an N2 atmosphere in an
anaerobic glovebox (Vacuum Atmospheres Co.). Anaerobic
solutions of as-isolated Vc Bhr-DGC at 150 μM (monomer
basis) in 800 μL of 50 mM MOPS and 5% glycerol (pH 7.3)
were prepared in rubber septum/screw-capped quartz cuvettes
(1 cm path length, Starna Scientific) by repeated cycles of
evacuation and flushing of the headspace with N2 gas through a
syringe needle connected to a vacuum line. Reduction of Vc
Bhr-DGC was achieved by addition of 1 equiv of sodium
dithionite from the concentrated stock solution via a gastight
syringe. Autoxidation of the dithionite-reduced protein was
achieved by repeated withdrawal and return of the solution
between the cuvette and a pipet under an aerobic atmosphere.
DGC Activity Assays. DGC activity was determined by

following the rate of production of c-di-GMP using an HPLC
system (Dionex Ultimate 3000). Either the as-isolated or the
dithionite-reduced protein in 250 μL of assay buffer [500 μM
GTP, 2.5 mM MgCl2, and 250 mM NaCl in 50 mM MOPS
buffer (pH 7.3) and 10% (v/v) glycerol] was incubated at 37
°C. Protein concentrations in the assay mixtures are listed in
the legend of Figure 8. Aliquots (50 μL) were removed
periodically, and the enzyme was inactivated by heating the
samples for 5 min at 100 °C. The samples were cooled on ice,
and precipitates were removed by centrifugation. The super-
natants were filtered through Spin-X UF concentrators with a
30 kDa nominal molecular mass cutoff (Corning). Ten to
twenty microliters of the filtrates was injected onto a C18
analytical reverse phase HPLC column (Dionex) equilibrated
with 92% potassium phosphate buffer (20 mM, pH 6.0) and 8%
methanol (v/v) and eluted with a solution having the same
composition as that used for equilibration. The eluted substrate
and products were detected by absorbance at 254 nm and
quantitated by peak areas calibrated to commercially available
standards.
Assays of the reduced (diferrous) protein, prepared as

described above, were conducted under anaerobic conditions.
Two hundred microliters of a 2-fold-concentrated assay buffer
was made anaerobic under an N2 atmosphere in a rubber
septum/screw-capped quartz cuvette. Two hundred microliters
of the anaerobic reduced enzyme solution in 50 mM MOPS
(pH 7.3) and 5% glycerol was transferred via a gastight syringe
to the anaerobic 2-fold concentrated assay solution, incubated
at 37 °C, and analyzed as described above.
Native Protein Size and Homogeneity. Native protein

molecular masses were determined using size exclusion
chromatography on a Superose 6 10/30 column (GE
Healthcare). The column was calibrated using protein stand-
ards (Sigma). Nondenaturing PAGE was conducted as
described for SDS−PAGE but without SDS and using 10% gels.
UV−Vis Absorption Spectroscopy. UV−vis absorption

spectra were recorded on an Ocean Optics USB 2000
spectrophotometer in screw-capped 1 cm path length quartz
cuvettes containing an N2 atmosphere, when necessary.
Iron/Protein Molar Ratios. Protein concentrations were

determined via the bicinchoninic acid assay (Pierce) using
bovine serum albumin as the standard. Iron concentrations
were determined via a standard ferrozine assay.39

Congo Red Plate Assay. Biofilm precursor formation in E.
coli induced by Vc Bhr-DGC was assessed using the Congo Red
plate assay.15 BL21(DE3)/pLysE cultures containing either the
empty vector (pAG8H) or the vector with the inserted VC1216

were grown overnight at 37 °C in the LB/amp/Cm mixture.
Congo Red plates were prepared by adding 5 μg of Congo Red,
100 μg of amp, 35 μg of Cm, and 0−1 mM IPTG to 20 mL of
sterilized LB/agar. Aliquots (5 μL) of the overnight cultures
were spotted onto the plates, which were then incubated
overnight at room temperature.

■ RESULTS
Homology Structural Modeling. Figure 2 depicts a

homology structural model of the Bhr domain of Vc Bhr-DGC

(Vc Bhr) built using the SWISS-MODEL web server (http://
swissmodel.expasy.org/),40 when the Vc Bhr-DGC amino acid
sequence was submitted. The server chose the DcrH-Hr azide
adduct structure (PDB entry 2avk) as the template. Because
heteroatoms were not modeled by the server, the coordinates
of the irons, bridging solvent, and coordinated azide from the
template structure were added to the modeled Vc Bhr
coordinates. No further adjustments to any atomic coordinates
in either the modeled Vc Bhr domain or the 2avk diiron site
were made. The resulting Vc Bhr domain model, shown in
Figure 2 and Figure S2 of the Supporting Information, is
essentially isostructural with that of DcrH-Hr, including
positionings of the iron ligand residues. In invertebrate Hrs,
dioxygen binds end-on to the five-coordinate iron indicated by
the arrow in Figure 2, and azide is known to bind to this iron in
the diferric site of Hrs and Bhrs.24,27 Figure S2 of the
Supporting Information depicts a view of the same Vc Bhr
model highlighting the conserved hydrophobic pocket residues
surrounding the coordinated azide atoms from the 2avk
coordinates. Despite the fact that the iron, bridging solvent,
and azide atoms were not included in the modeling of the Vc
Bhr domain structure, no steric clashes were observed between
these added heteroatoms and the modeled protein atoms. The
SWISS-MODEL server also generated a structural model of

Figure 2. Homology structural model of the Bhr domain (residues 3−
133) in Vc Bhr-DGC generated using the DcrH-Hr diferric-azido
structure (PDB entry 2avk) as the template. The modeled protein
backbone is shown in green cartoon mode, and modeled iron ligand
side chains are shown in CPK-colored stick mode. Iron atoms and
bridging oxo from 2avk coordinates are shown as orange and red
spheres, respectively. The azide atoms were omitted for the sake of
clarity. The arrow denotes the azide coordination position. Images
were generated in PyMOL (DeLano Scientific LLC).
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residues 193−371 of Vc Bhr-DGC, which essentially comprises
the annotated Vc DGC domain shown in Figure 1. This Vc
DGC domain model, shown in Figure S3 of the Supporting
Information, was generated from the structure of another DGC,
PleD.21 The SWISS-MODEL server did not return a model for
residues 133−193, which lie between the Bhr and DGC
domains shown in Figure 1.
Physical, Spectroscopic, and Redox Characterization

of Vc Bhr-DGC. The overexpressed recombinant Vc Bhr-DGC
containing an N-terminal His tag was isolated and purified from
E. coli cell lysates by a standard one-step His tag affinity column
protocol. The spectroscopic properties and DGC activity of Vc
Bhr-DGC (see below) were stable for several weeks in buffer
containing 20% glycerol at −20 °C and for at least several hours
during manipulations at room temperature. Results reported
here are for protein solutions used within 24 h of thawing and
storage on ice. TEV protease cleavage of the N-terminal His tag
did not affect the stability, activity, or oligomeric state of Vc
Bhr-DGC. The results reported here are for the His-tagged
protein. Vc Bhr-DGC migrated as a single homogeneous
species in native PAGE gels (Figure S4 of the Supporting
Information) and as predominantly a homodimer on an
analytical size exclusion column [∼85 kDa vs a value of ∼45
kDa calculated for the His-tagged protein monomer (see Figure
S5 of the Supporting Information)]. Minor and variable
portions of larger oligomeric species were also sometimes
present. These higher-molecular mass species did not show a
single uniform size and are presumably artifacts, because their
proportions tended to increase with an increasing protein
concentration, with extended storage, or in the absence of
glycerol. The specific c-di-GMP activities of these higher-
molecular mass fractions were similar to that of the as-isolated
homodimer, indicating that this oligomerization is not due to
denaturation. Analyses of multiple preparations of purified Vc
Bhr-DGC either with or without the His tag yielded 2.0 ± 0.2
irons/protein monomer, as expected for a diiron site in the Bhr
domain. On the basis of the characterized proteins containing
the GGDEF-X5-RXXD motif, no metal binding sites other than
those for Mg2+ are expected in the DGC domain.
Figure 3 shows UV−vis absorption spectra of Vc Bhr-DGC.

The relatively intense spectral features between 300 and 400

nm (ε335 = 6600 M−1 cm−1 per diiron site) and weaker shoulder
at ∼490 nm are characteristic of the oxo/dicarboxylato-bridged
diferric sites in Hrs and Bhrs shown in Figure 2.24,26 The small
changes in spectral features following dialysis of the as-isolated
protein to remove salt and imidazole are most likely caused by
the removal of chloride, which is known to bind to diferric sites
of Hr and Bhr proteins at the coordination position indicated
by the arrow in Figure 2.27,41 Addition of excess phosphate,
GTP, or c-di-GMP did not affect the absorption spectra of the
as-isolated protein. Despite the presence of the characteristic
inhibitory site sequence motif (Figure 1), which tightly binds c-
di-GMP in some other DGCs,13,16 the as-isolated Vc Bhr-DGC
contained no bound c-di-GMP, as monitored by either the
absorption spectrum of the protein in the 250−280 nm region
(Figure 3) or HPLC analysis of washings from the heat-
denatured protein. Solutions of as-isolated Vc Bhr-DGC that
had been incubated with excess c-di-GMP followed by dialysis
against buffer also showed no retention of c-di-GMP by the
protein.
The absorption spectrum resulting from the addition of

excess azide to the as-isolated protein (Figure 4) closely

resembles that of the azide adduct of diferric Hr and DcrH-
Hr,26 in which azide binds end-on to the five-coordinate iron, as
shown in Figure S2 of the Supporting Information.27 This
result demonstrates that the same iron to which O2 and azide
bind in Hrs and Bhrs is accessible to coordination in the diiron
site of Vc Bhr-DGC.
Figure 5 shows the absorption spectra resulting from redox

cycling the diiron site in Vc Bhr-DGC. Reduction of the diferric
to the diferrous site in the as-isolated protein with a slight
excess of sodium dithionite was complete within ∼3 h under
anaerobic conditions at room temperature, as monitored by the
decrease in absorbance at 350 nm. Autoxidation of the
dithionite-reduced protein to the diferric form was rapid (<1
min) upon manual mixing with air. The UV−vis absorption
spectrum of the air-reoxidized protein (Figure 5) shows no
indication of the characteristic O2 adduct of Hrs and Bhrs,
which would be evident from its distinctive 500 nm absorption
feature.24,26,28 The more weakly absorbing shoulder at ∼490
nm together with the more intense features between 300 and

Figure 3. UV−vis absorption spectra of ∼90 μM as-isolated Vc Bhr-
DGC in 250 mM NaCl and 125 mM imidazole in 50 mM MOPS with
20% (v/v) glycerol (pH 7.3) (red) or after dialysis against 50 mM
MOPS with 20% (v/v) glycerol (pH 7.3) to remove NaCl and
imidazole (black). The inset shows the spectrum of the dialyzed
protein, including the 280 nm region.

Figure 4. UV−vis absorption spectra of as-isolated Vc Bhr-DGC in 50
mM MOPS and 10% glycerol (pH 7.3) and after addition of sodium
azide to a final concentration of 50 mM. The inset shows the spectrum
of the protein and azide, including the 280 nm region. The azide-
containing sample was incubated at 4 °C for 4 h prior to the spectrum
being recorded.
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400 nm in Figure 5 is identical to that of the as-isolated protein
in Figure 3 and, as noted above, is characteristic of diferric Hrs
and Bhrs.
DGC Activity of Vc Bhr-DGC. Figure 6 shows the results of

a qualitative phenotypic assay for induction of cellulose

production by c-di-GMP in E. coli.15 Cellulose production is
a precursor to biofilm formation. The dye, Congo Red, binds to
the cellulose coating on the plated bacterial colonies. The red-
colored colonies thus indicate intracellular DGC activity. As
shown in Figure 6, red colonies were observed only when the
expression plasmid contained the Vc Bhr-DGC gene (VC1216)
and only when expression of the gene was induced by IPTG in
the agar. A magnified view of the image in Figure 6 (shown in
Figure S6 of the Supporting Information) also revealed some
red spots within the two “0 mM IPTG/+VC1216” colonies but

no red spots in any of the “empty vector” colonies. This result
demonstrates that Vc Bhr-DGC has intracellular DGC activity.
HPLC activity assays (Figure 7), conducted in a manner

similar to that described for other DGCs,16,18 showed that the

as-isolated Vc Bhr-DGC catalyzes consumption of GTP and
simultaneous production of c-di-GMP; i.e., as-isolated Vc Bhr-
DGC has DGC activity. As-isolated fractions containing higher-
molecular mass oligomers showed no difference in specific
activity. Addition of excess sodium azide (100 mM) to the as-
isolated homodimeric Vc Bhr-DGC and incubation for 4 h at 4
°C prior to addition of the protein to the assay mixture
(resulting in 12 mM azide in the assay mixture) had no effect
on the activity compared to the as-isolated protein. The
dithionite-reduced protein, assayed under anaerobic conditions,
showed a significantly higher DGC activity. Three sets of
HPLC activity assays were conducted for both the as-isolated
protein and the dithionite-reduced protein. The data are
plotted in Figure 8. Linear regression analyses for the three data
sets gave specific activities of 0.77 ± 0.01 μmol of c-di-GMP
min−1 (μmol of enzyme)−1 for the reduced (diferrous) protein
and 0.073 ± 0.007 μmol of c-di-GMP min−1 (μmol of
enzyme)−1 (monomer basis) for the as-isolated (diferric)
protein. The air-reoxidized protein reverted to the lower
activity of the as-isolated protein. HPLC assays starting with c-
di-GMP rather than GTP showed no evidence of c-di-GMP
phosphodiesterase activity of the as-isolated protein.

Figure 5. UV−vis absorption spectra obtained upon redox cycling of
Vc Bhr-DGC in 50 mM MOPS and 10% glycerol (pH 7.3). A solution
of the as-isolated protein (black) was reduced anaerobically with ∼1
equiv of sodium dithionite and then incubated for 3 h anaerobically
before the spectrum was recorded (red). This reduced sample was
then reoxidized by being exposed to air, and the spectrum was
recorded again (green).

Figure 6. Congo Red plate assay for DGC activity. Each quadrant of
the LB/ampicillin agar plates with or without IPTG was spotted with a
100 μL aliquot of cultures of E. coli BL21(DE3) that had been
transformed with either the parent expression plasmid, pAG8H (top
two quadrants, labeled empty vector), or pAG8H containing the Vc
Bhr-DGC gene (bottom two quadrants, labeled +VC1216). The plates
were then incubated for 72 h at 37 °C. Colonies showing no visible
Congo Red stain in this view are circled. The circled colonies are
better visualized in the magnified image (Figure S6 of the Supporting
Information).

Figure 7. HPLC traces showing the production of c-di-GMP and
consumption of GTP. Assay and HPLC conditions are described in
Materials and Methods. The Vc Bhr-DGC concentrations were 74 and
64 μM (monomer basis) for the as-isolated and reduced proteins,
respectively.
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■ DISCUSSION
When considering the functional context of Bhr domains, we
think it is important to distinguish Hrs and Bhrs from other
protein sequences that have been included in the so-called
“hemerythrin superfamily”.42−48 Inclusion of these other
sequences is typically based on superficial structural homologies
to other proteins that contain histidine/carboxylate-ligated non-
heme diiron sites. Hr and Bhr diiron sites can be distinguished
from these others by the following combination of structural
features:22−25,27,28 (i) the canonical seven-residue Hr and Bhr
diiron binding sequence motif shown in Figure 1, (ii) the
residues lining the exogenous molecule binding pocket shown
in Figure S2 of the Supporting Information, and (iii) the diiron
coordination sphere shown in Figure 2, consisting of one six-
coordinate and one five-coordinate iron center with a solvento/
bis(1,3-carboxylato) bridging structure combined with five His
residues as the only endogenous terminal ligands. This Hr and
Bhr diiron site structure is the only type within the annotated
hemerythrin superfamily that has been demonstrated to
reversibly bind O2 (at the five-coordinate iron indicated by
the arrow in Figure 2). Hr and Bhr sequences and diiron site
structures are also distinct from those of the “ferritin
superfamily”,49,50 which typically function in iron storage or
as oxygenases and/or hydroxylases.
Vc Bhr-DGC is, to the best of our knowledge, the first

characterized example of a full-length chimeric protein
containing a Bhr domain and the first demonstrated regulatory
function for a Bhr domain. As-isolated Vc Bhr-DGC contains
two tightly bound iron atoms per subunit and exhibits the
spectroscopic and redox characteristics expected for oxo/
dicarboxylato-bridged non-heme diiron sites. The specific DGC
activities of Vc Bhr-DGC on an active site basis, 0.073 min−1

(as-isolated) or 0.77 min−1 (reduced), are within the range
reported for some other DGCs.16,20,21 While we have not yet
undertaken detailed kinetic studies, we presume the level of 500
μM GTP used in our activity assays is well above a saturating
substrate level (as is the case for the other characterized
DGCs). Under these conditions, the most notable functional
observation from our results is that Vc Bhr-DGC is ∼10 times
more active as a DGC when the Bhr domain is in the diferrous
relative to the diferric form.

Our results are consistent with the previously proposed
notion26,27 that any regulatory function of Bhr domains most
likely originates from interactions of dioxygen or other
exogenous redox active small molecules with the five-
coordinate iron shown in Figure 2 and associated ferrous/
ferric redox interconversions. The reactions of diferrous
(deoxy) Hrs and Bhrs with O2 consist of reversible O2 binding
to the deoxy form and autoxidative conversion of the O2-bound
(oxy) form to the diferric (met) form. These two processes are
typically formulated to occur consecutively according to eq 1:24

+ ⇄ +

→ +

−Fe Fe O Fe Fe O H O

Fe Fe H O

II II

deoxy
2

III IIII

oxy
2

2
2

III III

met
2 2 (1)

For invertebrate Hrs, the autoxidative conversion of the oxy
form to the met form is much slower than the reversible deoxy/
oxy interconversion.24 For the characterized Bhrs, on the other
hand, the oxy form has been found to be a transient
intermediate between the deoxy and met forms.26,28,30 On
the basis of the crystal structure of the Bhr domain of DcrH
(DcrH-Hr), the more rapid autoxidation was attributed to a
“substrate channel” not found in invertebrate Hrs, which
promotes solvent access to the O2 binding pocket.27

In the case of Vc Bhr-DGC, autoxidation of the deoxy form
to the met form occurred essentially quantitatively within 1 min
of manual mixing the deoxy protein solution with air at room
temperature. The putative oxy intermediate was not detected
under these conditions [rapid kinetic studies are in progress to
detect a possible transient dioxygen adduct (K. Miner and D.
M. Kurtz, Jr.)]. Azide binding to the diferric site did not
significantly affect the DGC activity of the as-isolated Vc Bhr-
DGC, which indicates that an exogenous small molecule
binding to the diferric site is, by itself, not an allosteric trigger.
These results implicate autoxidative diferrous/diferric (deoxy/
met) redox interconversion as an allosteric regulatory trigger in
Vc Bhr-DGC, as previously suggested for DcrH.27 Comparisons
of the diferric and diferrous DcrH-Hr crystal structures led to
the proposal that the diiron site redox changes are allosterically
transmitted via changes in the flexibility of the N-terminal loop
in the Bhr domain. The Bhr domain of DcrH is at the C-
terminal end of the full-length protein, whereas the Bhr domain
of Vc Bhr-DGC is at the N-terminal end (see Figures 1 and 2).
In fact, there are several examples of both N- and C-terminal
Bhr domains in putative Bhr-DGC chimeric proteins. While
redox of cysteine residues could conceivably participate in the
allosteric transmission of redox changes, neither the Bhr
domain nor the interdomain region (including NarQ? in Figure
1) of Vc Bhr-DGC contains any cysteine residues.
Vc Bhr-DGC was isolated predominantly as a homodimer,

which is the minimal functional oligomer in the other
characterized DGCs.13,15,16,18,21 The other known redox-
regulated chimeric DGCs contain either heme or flavin-binding
domains.17−20 The nature of the structural changes at the DGC
domains that are allosterically induced by the heme or flavin
redox changes has, to the best of our knowledge, not been
established. Our results also do not clarify this issue for Bhr
domains. The SWISS-MODEL web server returned only
disconnected Bhr and DGC domain models of Vc Bhr-DGC
(Figure 2 and Figures S2 and S3 of the Supporting
Information). No structural model was returned for the
relatively short NarQ? domain (Figure 1), which is provision-
ally annotated as being homologous to sequences in nitrate/

Figure 8. Rates of c-di-GMP production for as-isolated and dithionite-
reduced Vc Bhr-DGC. Assay conditions are described in Materials and
Methods. Enzyme concentrations (protein monomer basis) are for
reduced 6.25 (●), 10 (▲), and 64 μM (■) and for as-isolated 6.25
(◆), 74 (pentagons), and 100 μM (■).
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nitrite sensor proteins. Millimolar levels of nitrite or nitrate had
little or no effect on the DGC activity of the as-isolated Vc Bhr-
DGC (data not shown).
V. cholerae cycles between the in vivo environment of its

human host and ex vivo aquatic environments.6 Given our
results, Vc Bhr-DGC could be significantly more active as a
DGC in highly reducing or anaerobic environments and rapidly
convert to a much less active form upon exposure to an aerobic
environment. This behavior is consistent with a previous
suggestion that Vc Bhr-DGC (VC1216) is involved in
positively regulating biofilm formation in low-dioxygen environ-
ments.51 Bhr thus represents an alternative redox and/or
diatomic gas-sensing regulatory domain for DGCs that uses a
non-heme oxo/carboxylato-bridged diiron cofactor rather than
flavin or heme.
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