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A B S T R A C T

Heme-based oxygen sensors allow bacteria to regulate their activity based on local oxygen levels. YddV, a globin-
coupled oxygen sensor with diguanylate cyclase activity from Escherichia coli, regulates cyclic-di-GMP synthesis
based on oxygen availability. Stable and active samples of the full-length YddV protein were prepared by at-
taching it to maltose binding protein (MBP). To better understand the full-length protein's structure, the in-
teractions between its domains were examined by performing a kinetic analysis. The diguanylate cyclase re-
action catalyzed by YddV-MBP exhibited Michaelis-Menten kinetics. Its pH optimum was 8.5–9.0, and catalysis
required either Mg2+ or Mn2+; other divalent metal ions gave no activity. The most active form of YddV-MBP
had a 5-coordinate Fe(III) heme complex; its kinetic parameters were Km

GTP 84 ± 21 μM and kcat 1.2 min−1.
YddV-MBP with heme Fe(II), heme Fe(II)-O2, and heme Fe(II)-CO complexes had kcat values of 0.3 min−1,
0.95 min−1, and 0.3 min−1, respectively, suggesting that catalysis is regulated by the heme iron's redox state and
axial ligand binding. The kcat values for heme Fe(III) complexes of L65G, L65Q, and Y43A YddV-MBP mutants
bearing heme distal amino acid replacements were 0.15 min−1, 0.26 min−1 and 0.54 min−1, respectively, im-
plying that heme distal residues play key regulatory roles by mediating signal transduction between the sensing
and functional domains. Ultracentrifugation and size exclusion chromatography experiments showed that YddV-
MBP is primarily dimeric in solution, with a sedimentation coefficient around 8. The inactive heme-free H93A
mutant is primarily octameric, suggesting that catalytically active dimer formation requires heme binding.

1. Introduction

Heme-based oxygen sensor proteins give many bacteria unique
ways to continuously monitor the composition of their surroundings
and regulate intracellular processes to adapt to changing conditions.
These proteins have at least two domains: an N-terminal sensing do-
main and a C-terminal functional domain [1,2]. The heme iron complex
is located in the sensing domain and is the oxygen sensing site. Signals
generated by the heme's interactions with molecular oxygen are
transduced from the sensing domain to the functional domain, causing
structural changes in the functional domain that enhance or suppress
the protein's catalytic activity, switching it on or off as appropriate
[1–3]. A detailed kinetic analysis of heme-based oxygen sensors with
different heme iron redox and/or coordination states could shed more
light on the molecular mechanism of signal transduction, but few such
analyses have been reported.

In general, the sensing domains of heme-based oxygen sensor

proteins can adopt diverse conformations and the functional domains
can exhibit various catalytic activities [1]. This work focuses on YddV
(or EcDosC), a globin-coupled diguanylate cyclase sensor from E. coli
[4–6]. Globin-coupled oxygen sensors with diguanylate cyclase activity
have also been identified in Pectobacterium carotovorum (PccGCS) [7],
Bordetella pertussis (BpeGReg) [7–11], Desulfotalea psychrophia
(HemDGC) [12], Azotobacter vinelandii (AvGreg) [13], and Shewanella
putrefaciens (SpDosD) [14]. Another protein of this class with putative
diguanylate cyclase activity has been found in Geobacter sulfurreducens
(GsGCS), but its activity has yet to be assessed [15].

Cyclic-di-guanosine-5′-monophosphate (c-di-GMP) is an important
bacterial second messenger that regulates many key physiological
functions including cell motility, differentiation, development, viru-
lence, biofilm formation, cell−cell communication, and environmental
persistence [16–18]. Two heme-based oxygen sensors play central roles
in c-di-GMP signaling cascades in E. coli. As noted above, YddV consists
of an N-terminal heme-bound oxygen sensing domain with a globin fold
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and a C-terminal functional domain that catalyzes the formation of c-di-
GMP from guanosine-5′-triphosphate (GTP). YddV acts in tandem with
another heme-based oxygen sensor phosphodiesterase, EcDOS (or Ec-
DosP), which has an N-terminal heme-bound oxygen sensing domain
with a PAS fold (named for the proteins Per - Drosophila period clock
protein, Arnt - vertebrate aryl hydrocarbon receptor nuclear translo-
cator, and Sim -Drosophila single-minded protein) and a C-terminal
functional domain that catalyzes the conversion of c-di-GMP to linear
di-GMP [4,19,20]. The phosphodiesterase activity of EcDOS is sub-
stantially enhanced by O2 binding to the heme Fe(II) complex in the
sensing domain. It was found that YddV and EcDOS associate to form a
functional complex and are translated from a polycistronic operon [21].
Accordingly, the two proteins were co-purified. Their interaction is
probably based on hydrophobic forces [4].

The structure and function of the isolated YddV heme-binding do-
main have been studied extensively [6,22–26]. However, because of the
difficulty of preparing a catalytically active version of the full-length
YddV protein, only preliminary kinetic analyses of the full-length pro-
tein have been reported. These studies revealed that the Fe(III) form of
YddV is the most active, while the Fe(II)-O2 and Fe(II)-CO forms are less
active [4–6]. It was also suggested that the Fe(II) form of YddV was
significantly less active than other forms [5,6]. However, these studies
only analyzed the catalytic activity of the full-length protein in terms of
the initial rate of product formation (in micromoles of c-di-GMP per
micromole of YddV per minute) [4–6]. One of these investigations also
indirectly examined the diguanylate cyclase activity of YddV in the
presence of the coupled enzyme EcDOS [4].

Here we report the first successful preparation of stable and active
full-length YddV, which was achieved by attaching it to maltose
binding protein (MBP). To better understand the structure of the full-
length protein, the interactions between its sensing and functional do-
mains were examined by performing a detailed kinetic analysis based
on its Km, Vmax and kcat values. The effects of the heme iron redox state
and/or ligand coordination on its catalytic activity were investigated,
along with the dependence of the enzyme's kinetic parameters on amino
acid residues located on the heme distal side of the Fe(III) complex. The
effects of divalent metal cations other than Mg2+ on catalysis were also
studied. We analyze the interactions between the sensing and func-
tional domains of YddV in terms of changes in the kinetic parameters of
its diguanylate cyclase activity under diverse conditions. Specifically,
we studied the impact of changes in the heme-containing sensing do-
main on the diguanylate cyclase activity of the YddV functional do-
main. Clarifying the relationship between signal transduction, protein
conformation, and the functional state of the sensor protein should help
explain the molecular mechanism of its sensing activity.

2. Experimental procedures

2.1. Materials

Ampicillin was obtained from P-lab (Prague, Czech Republic).
Isopropyl β-D-thiogalactopyranoside, hemin, sodium dithionite, Na2S,
c-di-GMP, tris(hydroxymethyl)aminomethane (Tris) and acrylamide
were obtained from Sigma-Aldrich (St. Louis, MO, USA) and GTP from
GE Healthcare. Water, doubly distilled over quartz, was purified using a
Milli-Q Plus system (EMD Millipore, Billerica, MA, USA). All glassware
used for sample preparation was conditioned in advance by standing for
24 h in 10% HCl suprapur (Merck, Darmstadt, Germany). All chemicals
used were of the highest purity grade available from commercial
sources and used without further purification.

2.2. Overexpression and purification of the wild type (WT) and mutant
proteins

Nine YddV-MBP protein expression vectors were constructed:
pMAL-c5e/WT, R365A, Y43A, Y43F, L65G, L65M, L65Q, L65T and

H98A. The previously reported pET21c(+)/YddV plasmid [5] was di-
gested with NdeI and XhoI, and subcloned into the pMAL-c5e vector
(New England Biolabs, USA), leading to the introduction of an MBP
protein tag at the N-terminus of the desired protein. The following
oligonucleotides were designed to extract the inserts of previously re-
ported YddV mutants (L65 and Y43) from the corresponding pET28a/
YddV mutant vectors [5]. Nucleotides for NdeI and XhoI restriction sites
were inserted into the oligonucleotide sequences.

Forward: 5′-AGATACATATGGAGATGTATTTTAAAAGAATG-3′ and
reverse: 5′-AGATACTCGAGCTAAAGACTGGCTTTCCAG-3′.

To obtain the YddV-MBP H98A plasmid, the pMAL-c5e/YddV WT
plasmid was mutated using the QuikChange II Site-Directed Mutagen-
esis Kit (Agilent). The following oligonucleotides were used for poly-
merase chain reaction:

Forward: 5′-CATACCGTCGCGGAAGTGGCTGCCCGCATAGGAAT
TCC-3′

Reverse: 5′-GGAATTCCTATGCGGGCAGCCACTTCCGCGACGGT
ATG-3′.

To obtain the gene encoding the YddV-MBP R365A mutant, gene
splicing overlap extension polymerase chain reaction was performed
using the following oligonucleotides:

Forward pMAL: 5′-CTCGGGGATGACGATG-3′
Reverse pMAL: 5′-CTCTCCTGAGTAGGACAAATC-3′
Forward R365A: 5′-TTATGACAACGTCGCCAGTAGTG-3′
Reverse R365A: 5′-CACTACTGGCGACGTTGTCATAA-3′
Full-length wild-type and mutant variants of YddV-MBP were ex-

pressed in E. coli BL21(DE3) (Novagen) harboring the pMAL-c5e ex-
pression vector. Briefly, E. coli BL21(DE3) was transformed with the
required plasmid, plated on Luria-Bertani (LB) agar containing 100 μg/
ml ampicillin, and incubated at 37 °C overnight. On the following day, a
single colony was inoculated in LB containing 100 μg/ml ampicillin and
shaken overnight at 200 rpm and 37 °C. The culture medium was added
to Terrific Broth medium (1:1000 dilution) containing the above anti-
biotics and shaken at 120 rpm and 37 °C for 4 h. Subsequently, the
medium was cooled to 15 °C and protein expression was induced by
adding 0.1 M isopropyl β-D-thiogalactopyranoside, followed by further
shaking for 20 h. E. coli cells were harvested by centrifugation for
10 min at 6750 g and 4 °C, frozen in liquid nitrogen, and stored at
−80 °C until purification. E. coli cells frozen at −80 °C were suspended
in buffer A (50 mM Tris-HCl, pH 8.0, 150 mM NaCl), 1 mM phe-
nylmethanesulfonyl fluoride, 1 mM ethylenediaminetetraacetic acid,
and 0.2 mg/ml lysozyme. The solution was sonicated, centrifuged at
100,000g for 30 min and incubated for 20 min with hemin (300 μM) in
dimethyl sulfoxide solution. Supernatant fractions were applied to an
amylase column (Qiagen, Hilden, Germany) pre-equilibrated with
buffer A. Subsequently, the column was washed with buffer A and
YddV-MBP fractions were eluted with buffer A containing 10 mM
maltose. Protein fractions were pooled and applied to a Superdex 200
10/300 GL column (GE Healthcare, UK) equilibrated with 20 mM Tris-
HCl pH 8.0 buffer containing 150 mM NaCl. The desired eluates
(identified by monitoring at 280 nm) were collected and concentrated
with Amicon® Ultra Centrifugal Filters (Millipore, Billerica, MA, USA).
Finally, the purified proteins were quickly frozen in liquid nitrogen and
stored at −80 °C until use. All proteins were > 95% homogenous as
confirmed by SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel
electrophoresis). Protein concentrations were determined using the
bicinchoninic acid assay with bovine serum albumin as a standard
(Sunrise Absorbance Reader, TECAN).

Expression and purification procedures for EcDOS are described in
an earlier report [27]. The protein was > 95% homogenous as con-
firmed by SDS-PAGE. Protein and heme concentrations were de-
termined using the bicinchoninic acid assay with bovine serum albumin
as a standard (Sunrise Absorbance Reader, TECAN) and the pyridine
hemochromogen assay, respectively.
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2.3. Optical absorption spectroscopy

Optical absorption spectral data were obtained at 24 °C using a Cary
60 UV–Vis spectrophotometer (Agilent Technologies, CA, USA). To
ensure that the solution was maintained at an appropriate temperature,
the reaction mixture was incubated for 5 min prior to spectroscopic
measurement.

2.4. Kinetic analysis of the diguanylate cyclase reaction

The diguanylate cyclase activity of YddV-MBP was assayed under
various conditions. Unless stated otherwise, the enzymatic reaction was
performed at 24 °C, in 50 μl reaction mixtures containing 10 μM YddV-
MBP, 50 mM KCl, 5 mM MgCl2, and 50 mM Tris buffer (pH 8.0). The
reaction mixture was pre-incubated for 5 min and the reaction was in-
itiated by adding 1 mM GTP (dissolved in Tris buffer, pH 8.0). The in-
cubation time was usually 2.5 min. The reaction was stopped by in-
cubation at 100 °C for 3 min. Each incubation was performed at least in
triplicate. The samples were analyzed by HPLC (high-performance li-
quid chromatography) using Buffer A (0.1 M KH2PO4, 4 mM tetrabutyl
ammonium hydrogen sulfate, pH 6.0) and Buffer B (75% Buffer A, 25%
methanol) at a flow rate of 0.7 ml/min. Elution was performed using
60% A/ 40% B for the first 15 min then 100% B for 6 min before re-
turning to 60% A/40% B. The absorbance of GTP and c-di GMP was
monitored at 254 nm as reported previously [19].

The effect of pH on the diguanylate cyclase activity of YddV-MBP
was tested in reaction mixtures containing various buffers. Reactions at
pH 5.5, 6.0, 6.5 and 7.0 were performed using 100 mM phosphate
buffer with an appropriate ratio of Na2HPO4 and NaH2PO4. Incubations
at pH 7.5, 8.0, 8.5, and 9.0 were performed in 100 mM Tris buffer (Tris-
HCl), and incubations at pH 9.5, 10.0 and 10.5 were performed using
100 mM glycine (glycine-NaOH) buffer.

The effects of divalent metal ions on YddV-MBP diguanylate cyclase
activity were investigated using reaction mixtures containing solutions
of metal salts other than MgCl2. Specifically, 5 mM MgCl2 was replaced
with 5 mM MnCl2, 5 mM CaCl2, 5 mM CoCl2, 5 mM NiCl2, 5 mM ZnSO4,
or 5 mM CdCl2 as appropriate. To assess the enzyme's activity in the
absence of divalent metal cations, reactions were performed with no
added metal salt. Kinetic constants were determined by fitting the ki-
netics using the tight-binding (Morrison) equation [28].

The time course of the diguanylate cyclase reaction catalyzed by WT
YddV-MBP was assayed at 24 °C in a reaction mixture containing 10 μM
WT YddV-MBP, 50 mM Tris-HCl (pH 8.0), 50 mM KCl, and 5 mM MgCl2.
The reaction mixture was preincubated for 5 min, and then the reaction
was initiated by adding 1 mM GTP at 24 °C. The state of the reaction
was determined at 0, 0.5, 1, 2, 3, 5, 15, 30, 45, and 60 min after in-
itiation.

The kinetic parameters of the diguanylate cyclase activity of YddV-
MBP were investigated using 50 μl reaction mixtures containing 10 μM
YddV-MBP, 0–1000 μM GTP (0, 10, 25, 50, 100, 300, 500, 750, or
1000 μM dissolved in Tris buffer, pH 8.0), 50 mM Tris-HCl (pH 8.0),
50 mM KCl, and 5 mM MgCl2. The reaction was started by adding GTP.
On the basis of the previously determined (see the preceding para-
graph) time course for the diguanylate cyclase reaction catalyzed by
WT YddV-MBP, the amount of reaction product formed per minute over
the first 3 min of the reaction was taken as the initial velocity of the
enzymatic reaction (Fig. S1). Therefore, the reaction mixtures used to
determine kinetic parameters were incubated at 24 °C for 2.5 min; the
reaction during this period was assumed to proceed under initial ve-
locity conditions because of the reaction's linearity over the first 3 min.
The reaction was stopped by incubation at 100 °C for 3 min. The YddV-
MBP diguanylate cyclase reaction is a condensation process (two mo-
lecules of the substrate, GTP, are combined to form the product, c-di-
GMP). Kinetic constants were determined by nonlinear least-squares
regression based on the Michaelis−Menten equation. At least three
replicate experiments were performed for each set of reaction

conditions. Kinetic parameters were determined by fitting based on
individual measurements and then averaged and grand standard de-
viations were calculated from the fit error and discrepancies between
individual measurements.

The effects of the heme iron and its redox and coordination state on
the Michaelis−Menten kinetics of the diguanylate cyclase reaction
were investigated by varying the configuration of the sensing domain
heme of YddV-MBP. After purification, the heme iron of the native
YddV-MBP protein was in the Fe(III) state. Heme Fe(II) species were
prepared by placing a 20 μM solution of the Fe(III) protein in a quartz
cuvette and reducing it using 10 mM sodium dithionite in an anaerobic
box. Fe(II)-CO complexes were then prepared by gently bubbling gas-
eous carbon monoxide (Linde, Wiesbaden, Germany) through the cuv-
ette for 5 min. No spectral changes indicative of heme oxidation over
time were detected during this process. Sodium dithionite was removed
from the preparations containing the Fe(II) and Fe(II)-CO complexes
using Sephadex G-25 in PD-10 desalting columns (GE Healthcare), al-
though separate experiments demonstrated that the presence of sodium
dithionite did not affect the measured kinetic parameters. The Fe(II)-O2

complex was prepared by removing sodium dithionite using Sephadex
G-25 in PD-10 desalting columns (GE Healthcare) and exposing the Fe
(II) species to air for 10 min. After the kinetic experiments, we char-
acterized the samples by UV–Vis spectroscopy to verify that the heme
iron species remained in the Fe(II)-O2 form. These studies revealed no
evidence of heme iron autoxidation over the course of the experiment in
the case of WT YddV-MBP. The Fe(III)-CN− and Fe(III)-imidazole forms
of YddV-MBP were produced by mixing a 20 μM solution of the native
YddV-MBP protein in its Fe(III) form with 0.1 M KCN and 0.1 M imi-
dazole, respectively. The KCN was used in 100 mM Tris buffer (pH 8.0),
and the solution's pH was monitored. Heme-free experiments were
performed using the H98A YddV-MBP mutant instead of the WT pro-
tein.

The effects of key amino acids on the heme distal side of the sensing
domain on the Michaelis−Menten kinetics of the diguanylate cyclase
reaction catalyzed by YddV-MBP were investigated by testing mutant
proteins in which selected amino acids of WT YddV-MBP were replaced,
namely Y43A, Y43F, L65G, L65 M, L65Q, and L65 T. The heme iron was
in the oxidation state (forming the Fe(III) complex) in all these proteins.
At least three replicate experiments were performed for each mutant. As
before, kinetic parameters for each mutant were determined by fitting
based on individual measurements then averaging, and grand standard
deviations were calculated from the fit error and discrepancies between
individual measurements.

To test for possible feedback inhibition of diguanylate cyclase ac-
tivity by the reaction product, c-di-GMP, the activity of YddV-MBP
R365A mutant was investigated under the conditions used to study WT
YddV-MBP, with the mutant replacing the WT protein. The heme iron
center in this protein was in the oxidized state (forming the Fe(III)
complex).

2.5. Analytical ultracentrifugation

Sedimentation velocity experiments were performed using a
ProteomLab XL-I (Beckman Coulter, Brea, CA) analytical ultra-
centrifuge at loading concentrations of 1–10 μM YddV-MBP WT, 20 °C,
and a rotor speed of 36,000 rpm. Samples were dialyzed against a buffer
containing 20 mM Tris-HCl (pH 8.0) containing 150 mM NaCl prior to
analysis. All data were collected using interference optics (used for
weight average sedimentation coefficient calculations) and absorbance
optics at 390 nm (selective for hemoproteins). Sedimentation velocity
data were analyzed using a continuous sedimentation coefficient dis-
tribution model, c(s). The resulting apparent sedimentation coefficients
were used to compute sedimentation coefficients in water at 20 °C
(s20,w).
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2.6. Size exclusion chromatography

The oligomerization states of YddV-MBP WT and its mutants were
determined by size exclusion chromatography using a Superdex 200
Increase 10/300 GL column (GE Healthcare). The mobile phase con-
sisted of 20 mM Tris-HCl (pH 8.0), and 150 mM NaCl. The flow rate was
0.75 ml/min and the injection volume was 100 μl. Eluted proteins were
detected by their absorbance at 280 nm. The globular proteins thyr-
oglobulin (669 kDa), apoferritin (481 kDa), aldolase (158 kDa), bovine
serum albumin (66 kDa) and ovalbumin (43 kDa) were used as mole-
cular weight standards, and were analyzed on a Superdex 200 Increase
10/300 GL column (GE Healthcare). The calibration data are shown in
Fig. S2C and D. The theoretical molecular weights (calculated mole-
cular weights based on amino acid sequences) of YddV-MBP in its
monomeric, dimeric, and tetrameric forms are 96 kDa, 192 kDa and
384 kDa, respectively. The calibration data indicate that the column
should adequately separate these forms under the conditions applied.
The ratios of the content of each oligomeric form were calculated from
the peak areas observed in the size exclusion chromatograms.

Samples for analysis were prepared as follows. YddV-MBP WT and
mutants in their Fe(III) and other forms (see below) were dissolved in
50 mM Tris-HCl, pH 8.0, 50 mM KCl and 5 mM MgCl2 to a final con-
centration of 10 μM and incubated at 24 °C for 30 min prior to analysis.
The native proteins were in their Fe(III) forms, as they were when
isolated. The Fe(II)-O2 complexes were prepared by incubating proteins
with sodium dithionite (0.1 M), removing excess sodium dithionite
using a Sephadex G-25 in PD-10 Desalting Column (GE Healthcare), and
exposing the resulting Fe(II) species to air for 10 min. The Fe(III)-CN−

and Fe(III)-imidazole forms of YddV-MBP were produced by mixing a
10 μM solution of the native YddV-MBP protein with 10 mM KCN
(10 min incubation) and 10 mM imidazole (1 min incubation), respec-
tively. The KCN was used in 50 mM Tris buffer (pH 8.0), and the so-
lution's pH was monitored. After the size exclusion chromatography
experiments, we characterized the samples by UV − Vis spectroscopy to
verify that the heme iron species remained in the desired form. The
samples of YddV-MBP in the presence of c-di-GMP were prepared by
incubating 10 μM protein with 1 mM GTP, 50 mM KCl. and 5 mM MgCl2
to maximize completion of the diguanylate cyclase reaction (or 0.1 mM
c-di-GMP) for 5 min at 24 °C. In experiments on the effect of EcDOS on
the oligomeric state of YddV-MBP, both proteins were mixed together,
each at 10 μM, in 20 mM Tris-HCl (pH 8.0) and 150 mM NaCl, and the
mixture was incubated for 30 min at 24 °C prior to analysis.

3. Results

The active full-length YddV protein has proven to be difficult to
purify, resisting several standard methods of protein purification. The
most efficient approach was to make a chimeric form of the full-length
YddV protein fused with maltose binding protein (MBP) at its N-ter-
minus. Removing the MBP from the purified YddV-MBP construct
caused the immediate precipitation of the liberated YddV protein.
Therefore, all studies presented here were conducted with the full-
length YddV construct including the MBP tag (YddV-MBP). The UV–Vis
spectral properties of the YddV-MBP construct (Supporting Table S1)
are virtually identical to those of the isolated globin domain of YddV
(YddV-heme) [5,22]. Based on the positions of the Soret band and other
peaks in the visible region, the heme iron complex in purified YddV-
MBP is a 5-coordinate high-spin Fe(III) complex.

I. The effect of the heme iron redox state and ligand coordination in
the sensing domain on the kinetic parameters of the diguanylate
cyclase reaction catalyzed by YddV-MBP

The time course of the reaction catalyzed by YddV-MBP indicated
that the concentration of the reaction product (c-di-GMP) increased
linearly during at least the first 3 min (Fig. S1). The reaction rate did
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Fig. 1. A HPLC profiles showing the relative abundance of the substrate (GTP)
and product (c-di-GMP) of the diguanylcyclase reaction catalyzed by YddV-MBP
under various conditions. (a): GTP in enzyme-free buffer. (b): GTP after treat-
ment with YddV-MBP in its Fe(II) form. (c): GTP after treatment with YddV-
MBP in its Fe(III)-CN form. (d): GTP after treatment with YddV-MBP in its Fe
(III) form. (e): c-di-GMP in enzyme-free buffer.
B. Effects of the heme iron center's redox state and coordination, and the pre-
sence of the heme iron in the sensing domain, on the Michaelis−Menten ki-
netics of the diguanylate cyclase reaction catalyzed by YddV-MBP. Results for
the different forms of YddV-MBP are plotted using the following colors and
symbols: Fe(III) (native form; black line and squares), Fe(III)-imidazole (green
line and triangles), Fe(II)-O2 (red line and circles), Fe(III)-CN− (blue line and
triangles), Fe(II)-CO (brown green line and triangles), Fe(II) (pink line and
triangles), and heme-free form (H98A; dark blue line and diamonds). In each
run, a reaction mixture containing 10 μM of the appropriate YddV-MBP species,
0–1000 μM GTP, 50 mM Tris-HCl (pH 8.0), 50 mM KCl, and 5 mM MgCl2 in a
total volume of 100 μl was incubated for 2.5 min (for further details, see
Experimental procedures). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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not change appreciably during extended incubations (Fig. S1), sug-
gesting that YddV-MBP is not subject to significant feedback inhibition
by the reaction product, c-di-GMP. The initial velocities of catalysis
were calculated from the slopes of plots of product concentration
against time over the first 2.5 min. The reaction kinetics were then
analyzed at various GTP concentrations (Fig. 1). Each data set was
curve-fitted to the Michaelis-Menten equation using the Hill coefficient
(n = 1), revealing that the reactions of all the various YddV-MBP spe-
cies exhibited Michaelis−Menten kinetics.

To determine whether the heme iron complex in the globin domain
is essential for the activity of YddV-MBP, the His98 residue that acts as
the proximal axial ligand of the heme Fe(III) complex was replaced with
Ala. This led to the formation of heme-free YddV-MBP, as demonstrated
by UV–Vis spectroscopy [5]. The heme-free YddV-MBP is inactive, in-
dicating that the heme iron complex is essential for the catalytic activity
of YddV-MBP (Fig. 1 and Table 1).

The purified YddV-MBP has a 5-coordinate high-spin Fe(III) com-
plex that is stable under aerobic conditions. This enzyme exhibits high
activity, with an apparent Michaelis-Menten constant (Km

GTP) of
84 ± 21 μM, an apparent reaction rate constant or maximal turnover
number (kcat) of 1.2 min−1, a catalytic efficiency (kcat/Km

GTP) of
0.014 μM−1·min−1 (Table 1), and a Vmax

GTP of 12 pmol c-di-
GMP·min−1·μl−1. The Fe(II) and Fe(II)-CO species have much lower
Vmax

GTP values (0.3 pmol c-di-GMP·min−1·μl−1) than the Fe(III) species
but their Km

GTP values (38–39 μM) were within ± 50% of that for the Fe
(III) species (Table 1, Fig. 1). The heme redox and/or coordination state
significantly affected the kcat values. For example, the enzymes with Fe
(II) and Fe(II)-CO complexes had a kcat of 0.3 min−1, around 4 times
lower than that of the enzyme with the Fe(III) complex (1.2 min−1).
Consequently, these enzymes had the lowest kcat/Km

GTP

(0.008 μM−1·min−1) values of the studied WT YddV-MBP species (the
highest kcat/Km

GTP observed in this work was 0.015 μM−1·min−1).
When the enzyme with the Fe(II) complex was exposed to O2, its cat-
alytic activity increased significantly, suggesting that YddV is an
oxygen sensing enzyme (Table 1, Fig. 1). The kinetic parameters of the
enzyme with the Fe(II)-O2 complex closely resemble those of the Fe(III)
species.

The Km
GTP (41 μM) and Vmax

GTP (6.2 pmol c-di-GMP·min−1·μl−1) of
the enzyme with the Fe(III)-CN− complex were around half those for
the Fe(III) species. Conversely, the Km

GTP of the enzyme with the Fe
(III)-imidazole complex (131 μM) was almost twice that of the Fe(III)
species, although its Vmax

GTP (12 pmol c-di-GMP·min−1·μl−1) was si-
milar to that of the Fe(III) species (Table 1, Fig. 1). The kcat

(0.62 min−1) of the Fe(III)-CN− enzyme was half that for the Fe(III)
species, but that for the Fe(III)-imidazole enzyme was similar to that for
the Fe(III) species. Therefore, the catalytic efficiency (kcat/Km

GTP)
(0.015 μM−1·min−1) of the Fe(III)-CN− species was comparable to that
of the Fe(III) species, whereas that (0.009 μM−1·min−1) of the Fe(III)-
imidazole species was lower than that of the Fe(III) species. These
differences in catalytic efficiency between the Fe(III)-CN− and Fe(III)-
imidazole species are due to their significantly different Michaelis
constants (Km

GTP) and kcat values (Table 1, Fig. 1). The protein

structural changes at the heme binding site caused by imidazole binding
would be larger than those due to cyanide binding. Structural changes
in the vicinity of the sensing domain are presumably transduced
through the protein's structure to the functional domain, explaining the
greater impact of imidazole on the enzyme's Km

GTP.

II. The effect of the Tyr43 and Leu65 residues in the sensing domain on
the kinetic parameters of the diguanylate cyclase reaction catalyzed
by YddV-MBP

Tyr43 and Leu65 are highly conserved amino acid residues on the
heme distal side of the YddV sensing domain. Tyr43 interacts with an
oxygen molecule coordinated to the heme Fe(II) complex [5], while
Leu65 is critical for restricting the access of water molecules to the
heme distal side to avoid rapid YddV autooxidation [22] (Fig. 2A).
Mutating these key heme distal amino acids had significant effects on
the kinetic parameters of YddV-MBP (Table 2, Fig. 2B). For example,
the Km

GTP (22 μM), Vmax
GTP (1.5 pmol c-di-GMP ·min−1·μl−1), and kcat

(0.15 min−1) of L65G were the lowest of those for any of the YddV
variants studied in this work, including the WT. While the Km

GTP

(101 μM) of L65Q was higher than those of other variants, its Vmax
GTP

(2.6 pmol c-di-GMP ·min−1·μl−1) and kcat (0.26 min−1) were the second
lowest after those of L65G, giving it the lowest kcat/Km

GTP

(0.003 μM−1·min−1) of the proteins studied here. The spectroscopic
characteristics of L65G also differed substantially from those of the WT
and other Leu65 mutants, indicating differences in structure and the
rates of O2 binding and autooxidation. These results suggest that the
water molecule is bound near the heme distal side in both the Fe(III)
and Fe(II)-O2 L65G species [22]. The globin domain structure near the
heme prosthetic group of the L65G mutant is probably the most dif-
ferent from the other tested mutants. All of the protein structure
changes in the vicinity of the YddV-MBP heme caused by mutations at
Leu65 markedly affect the heme Fe(III) enzyme's catalytic kinetics.

The kinetic parameters of the Tyr43 mutants were less striking than
those of the Leu65 mutants. The comparatively modest impact of Tyr43
mutations is unsurprising because Tyr43 interacts with the bound O2

molecule in the Fe(II)-O2 complex [5]. Therefore, its side chain would
be expected to project in a different direction or the residue would be
expected to be positioned relatively far from the heme in the Fe(III)
form of the enzyme.

III. Effects of other factors (pH, Mg2+, Mn2+, Ca2+, Co2+, Ni2+, Zn2+,
and Cd2+ ions) on the kinetic parameters of the diguanylate cyclase
reaction catalyzed by YddV-MBP

The enzyme was inactive below pH 6.0 and above pH 10.0 (Fig. 3A).
Within this range, its activity exhibited an asymmetric bell-shaped
dependence upon pH. Its optimal pH was around 8.5–9.00; the rate of
catalysis at pH 7.0 was around half that at the optimal pH, while at
pH 8.0, it was around 80% of the optimal rate. We conducted our ex-
periments at pH 8.0 because these mildly alkaline conditions are op-
timal for preserving the conformation and stability of YddV-MBP and

Table 1
Effects of the heme iron redox state, heme iron ligand coordination, and the presence of the heme iron in the sensing domain on the kinetic parameters of the
diguanylate cyclase reaction catalyzed by YddV-MBP.

Heme iron state in the sensing domain of YddV-MBP Km
GTP (μM) Vmax

GTP (pmol c-di-GMP·min−1·μl−1) kcat

(min−1)
kcat/Km

GTP (μM−1·min−1)

Fe(III) 84 ± 21 12 ± 1 1.2 ± 0.1 0.014
Fe(III)-CN− 41 ± 8 6.2 ± 0.5 0.62 ± 0.05 0.015
Fe(III)-imidazole 131 ± 34 12 ± 0.6 1.2 ± 0.06 0.009
Fe(II)-O2 87 ± 17 9.5 ± 0.5 0.95 ± 0.05 0.011
Fe(II)-CO 39 ± 12 3.0 ± 0.3 0.3 ± 0.03 0.008
Fe(II) 38 ± 19 3.0 ± 0.3 0.3 ± 0.03 0.008
No heme (H98A) No reaction
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are close to the optimal pH.
We tested the effects of several divalent metal cations (Mg2+, Mn2+,

Ca2+, Co2+, Ni2+, Zn2+, and Cd2+) on catalysis under the same con-
ditions (Fig. 3B). No reaction was observed in the absence of divalent
metal cations. Of the divalent cations investigated, Mn2+ was by far the

most effective at stimulating catalysis: the kcat/Km
GTP values in the

presence of Mn2+ and Mg2+ were 0.067 μM−1·min−1 and
0.016 μM−1·min−1, respectively. Kinetic constants were determined by
fitting the kinetics using the tight-binding (Morrison) equation [28].
The apparent Km

GTP value in the presence of Mn2+ (15 ± 4 μM) was
approximately 5 times lower than that in the presence of Mg2+

(76 ± 5 μM), while the Vmax
GTP (10 ± 0.4 pmol of c-di-

GMP.min−1.μl−1) and kcat (1.0 min−1) values in the presence of Mn2+

were slightly lower than those (12 ± 0.2 pmol of c-di-GMP.min−1.μl−1

and 1.2 min−1) in the presence of Mg2+ (Table 1 and Fig. 3B). Since
both Mg2+ and Mn2+ form metal-GTP complexes, these results suggest
that the enzyme's affinity for the Mn2+-GTP complex and the orienta-
tion of GTP in its active site differ from those for the Mg2+-GTP com-
plex. Replacing Mg2+ with Ca2+, Co2+, Ni2+, Zn2+, or Cd2+ com-
pletely suppressed the enzyme's activity (Fig. 3B).

IV. Oligomeric state of YddV-MBP

Because the catalytic activities of other globin-coupled oxygen
sensors (PccGCS and BpeGReg) depend on their oligomerization [7,8],
the oligomeric state of YddV-MBP was examined. Ultracentrifugation
experiments revealed that WT YddV-MBP predominantly exists as a
dimer with a sedimentation coefficient (s20,w) of around 8. A tetrameric
form with a sedimentation coefficient of around 12 was also present in
solution as a minor contributor (Fig. S2A). To study the oligomeric
states of YddV-MBP under various conditions, size exclusion chroma-
tography was used as a faster alternative to ultracentrifugation (Fig.
S2B). The theoretical molecular weights of YddV-MBP in its mono-
meric, dimeric, and tetrameric forms are 96 kDa, 192 kDa and 384 kDa,
respectively. The chromatographic experiments confirmed that YddV-
MBP exists mainly as a dimer, in keeping with the results obtained by
ultracentrifigation (Fig. S2A), and indicated that the oligomeric state of
YddV-MBP is almost completely independent of the presence or absence
of c-di-GMP (Fig. S2B). The protein containing the heme iron in its Fe
(III) is fully enzymatically active and therefore forms c-di-GMP in the
presence of GTP (and the other necessary compounds mentioned in the
Experimental Procedures). The dimer to tetramer ratios for YddV-MBP
in the presence and absence of GTP (and therefore of c-di-GMP) were
3.7:1 and 4.3:1, respectively (Fig. S2B).

The effect of the heme iron's oxidation state and ligand coordination
on the oligomeric state of YddV-MBP as revealed by size exclusion
chromatography is shown in Fig. S3A. Like the Fe(III) form, the Fe(II)-
O2, Fe(III)-CN−, and Fe(III)-imidazole forms of YddV-MBP exist pri-
marily as dimers, with tetramers being minor components (Fig. S3A).
This suggests that changes in the heme iron's oxidation state and ligand
coordination have little effect on the protein's oligomerization.
Unfortunately, efforts to perform size exclusion chromatography with
Fe(II) species under anaerobic conditions were unsuccessful.
Importantly, the enzymatically inactive YddV-MBP apoform (H98A)
exists predominantly as an octamer (its dimer/tetramer/octamer ratio
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Fig. 2. A. Structure of the YddV sensing domain adopting the globin fold with
the heme iron in its Fe(III) form based on PDB coordinates 4ZVA [6]. Heme and
sidechains of important residues are shown as sticks.
B. Effects of key amino acids on the heme distal side of the sensing domain on
the Michaelis−Menten kinetics of the diguanylate cyclase reaction catalyzed by
YddV-MBP. Results for the wild type YddV-MBP are selected mutants plotted
using the following colors and symbols: Fe(III) (wild type; black line and
squares), L65G (red line and circles), L65M (blue line and triangles), L65T
(purple line and triangles), L65Q (pink line and triangles), Y43A (brown line
and triangles), and Y43F (green line and diamonds). In each run, a reaction
mixture containing 10 μM YddV-MBP WT or mutant, 0–1000 μM GTP, 50 mM
Tris-HCl (pH 8.0), 50 mM KCl, and 5 mM MgCl2 in a total volume of 100 μl was
incubated for 2.5 min (for further details, see Experimental procedures). (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)

Table 2
Effects of key amino acid residues on the heme distal side of the sensing domain
on the kinetic parameters of the diguanylate cyclase reaction catalyzed by
YddV-MBP.

Mutant of
YddV-MBP
Fe(III)

Km
GTP (μM) Vmax

GTP (pmol c-
di-GMP
·min−1·μl−1)

kcat (min−1) kcat/Km
GTP

(μM−1·min−1)

WT 84 ± 21 12 ± 1 1.2 ± 0.1 0.014
L65G 22 ± 19 1.5 ± 0.3 0.15 ± 0.03 0.007
L65M 42 ± 8 8.5 ± 0.4 0.85 ± 0.04 0.020
L65T 63 ± 25 4.7 ± 0.8 0.47 ± 0.08 0.007
L65Q 101 ± 33 2.6 ± 0.2 0.26 ± 0.02 0.003
Y43A 54 ± 11 5.4 ± 0.3 0.54 ± 0.03 0.010
Y43F 29 ± 10 6.9 ± 0.8 0.69 ± 0.08 0.024
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was 1/0/8.4) (Fig. S3A), suggesting that the heme iron complex plays
an important role in dimer formation, which may stabilize the enzyme
and maximize its catalytic activity.

The effects of key sensing domain amino acids on the oligomeric
state of YddV-MBP are shown in Fig. S3B and C. The key amino acids in
the sensing domain have stronger effects on the oligomerization of
YddV-MBP than the heme iron oxidation and ligand coordination state
(Fig. S3B and C). The mutants have a much greater propensity to exist
as octamers than the WT protein, for which the abundance of this oli-
gomer was negligible. The relative abundance of the octamer is highest
for the Y43F mutant, followed by the L65G mutant (Fig. S3B). It is also
interesting that no tetramers were detected in the cases of the L65G,
L65Q, and L65 T mutants. The calculated dimer:tetramer:octamer ratios
are 4.3:1:~0 for the WT; 3.6:1:1.7 for Y43A; 1.5:1:2.5 for Y43F; 1:~0:1
for L65G; 2.5:~0:1 for L65Q; 1.8:~0:1 for L65T; and 5.2:1:1.2 for
L65M. Experiments were also performed using the Fe(III), Fe(II)-O2,
and Fe(III)-CN− complexes of the Tyr43 (Y43A, Y43F) and Leu65
(L65G, L65M, L65Q, L65T) mutants. However, the results obtained
were very similar to those for the Fe(III) forms, so only results for the
latter are shown (Fig. S3C). The presence or absence of c-di-GMP has no
detectable effect on the protein's oligomerization state.

The effect of EcDOS on the oligomerization of YddV was also in-
vestigated because it appears that YddV (a c-di-GMP synthesizing en-
zyme) and EcDOS (a c-di-GMP degrading enzyme) work together to
regulate c-di-GMP levels in E. coli [4]. However, EcDOS has no de-
tectable effect on the oligomerization state of YddV-MBP when both
proteins are present in equimolar quantities (data not shown). Under
our experimental conditions, changes in the oligomerization of YddV-
MBP would only be observed if the two proteins formed a complex with
very high affinity. Our results therefore do not exclude the possibility
that EcDOS and YddV interact.

4. Discussion

The molecular mechanism of signal transduction in YddV has re-
mained unclear because of the difficulty of obtaining a catalytically
active version of the full-length YddV protein [5,6]. We investigated
several approaches to obtain a stable and active form of the full-length
YddV protein. The most successful approach involved attaching maltose

binding protein (MBP) to full-length YddV at the N-terminus. However,
it was impossible to remove the MBP tag because the YddV protein
precipitated immediately upon doing so. Fortunately, the attachment of
MBP to the heme-bound sensing domain has no discernible effect on the
UV–Vis spectra of YddV-MBP, which are virtually identical to those of
the isolated YddV sensing domain, suggesting that the heme sensing
domain of the fusion protein adopts the native structure [5,22] (Sup-
porting Table S1). In addition, the enzyme activities observed in this
study for YddV-MBP are significantly higher than those reported pre-
viously [4–6]. It thus seems that the MBP tag does not affect the sensing
or catalytic activity of YddV, making YddV-MBP a suitable model for
studying YddV's kinetics.

Previous studies analyzed the catalytic activity of YddV only in
terms of the initial rate of product formation (in micromoles of c-di-
GMP per micromole of YddV per minute) [4–6]. Those investigations
suggested that the Fe(III) form of YddV is more active than the Fe(II)-O2

and Fe(II)-CO forms [4–6], and that the Fe(II) form is either completely
inactive [5] or much less active than the other forms [6]. The initial
rates of c-di-GMP formation for the Fe(III), Fe(II), Fe(II)-O2, and Fe(II)-
CO species were estimated to be 0.066–0.124 min−1, < 0.001 min−1,
0.022–0.066 min−1, and 0.022 min−1, respectively [5,6]. In this work,
we performed detailed kinetic analyses of YddV's catalytic activity and
determined the Km, Vmax and kcat values of its various forms, allowing
us to investigate how changes in the sensing domain affected its ki-
netics. We also demonstrated that its catalytic activity exhibits Mi-
chaelis-Menten kinetics, that the pH optimum for the process is about
8.5–9.0, and that its activity requires the presence of either Mg2+ or
Mn2+; no diguanyate cyclase activity was observed in the presence of
other common divalent metal cations (Ca2+, Co2+, Ni2+, Zn2+, and
Cd2+).

In agreement with previous studies, we found that the most active
heme iron oxidation and/or coordination form of YddV-MBP is its Fe
(III) form. YddV-MBP was isolated in this form under aerobic condi-
tions. However, it may be that the Fe(II) form predominates under
anaerobic conditions, and that O2 binding to this form stimulates cat-
alysis transiently in certain microenvironments. It is possible that YddV
acts as both an O2 sensor and a redox sensor in the cell. In this context,
it should be noted that the oxygen-binding affinity of YddV is relatively
low (dissociation constant Kd = 15 μM) [22], supporting the possibility
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that it may act as a redox sensor. The kcat values of the less active forms
of YddV-MBP are around 4 times lower than that of the Fe(III) form, but
their catalytic efficiency is only around 2 times lower. The compara-
tively modest reduction in efficiency is due to a decrease in the Km

GTP

value, suggesting that the less active forms have a greater affinity for
GTP than the most active form. This may be because of a complex re-
arrangement of the functional domain associated with the signal
transduction process. Interestingly, the less-active Fe(II) form is acti-
vated by the binding of O2, but not by that of CO. It thus seems that the
heme distal side of the sensing domain distinguishes between these
diatomic molecules. The oxygen sensor AfGcHK can also discriminate
between these molecules [29], but the oxygen sensor protein EcDOS
cannot [19]. The introduction of a sixth axial ligand on the heme iron
Fe(III) center also had interesting effects on the enzyme's activity: the
small diatomic CN− ion reduced the Km

GTP value, suggesting an in-
crease in the enzyme's affinity for its substrate (GTP). The difference in
affinity between these two forms is comparable to that observed for the
Fe(II) and Fe(II)-CO forms. In contrast, the more sterically demanding
ligand imidazole caused the Km

GTP value to increase, indicating a re-
duction in substrate affinity. However, the maximum velocity of the Fe
(III)-imidazole form was identical to that of the Fe(III) form. The de-
tailed kinetic analysis thus sheds more light on the changes in the
sensing and functional domains (in terms of GTP affinity) caused by the
signal transduction process. The importance of these results is amplified
by the fact that the full-length protein's low solubility has prevented the
acquisition of reliable structural data.

The cyclase activity of the other enzymatically characterized globin-
coupled diguanylate cyclases (PccGCS and BpeGReg) depends on the
heme iron's oxidation state and ligand binding to the heme, in keeping
with our conclusions regarding YddV [7,8]. Additionally, the Km

GTP

values of these sensors in their active and less active forms are com-
parable to the corresponding values estimated for YddV-MBP: the
Km

GTP values for the active Fe(II)-O2 forms of PccGCS and BpeGReg
were 31 ± 6 μM and 57 ± 8 μM, respectively. The kcat values for
PccGCS Fe(II)-O2 and BpeGReg were 0.73 min−1 and 0.59 min−1, re-
spectively. The less active Fe(II) forms of these enzymes exhibited
Km

GTP values of 62 ± 3 μM and 120 ± 11 μM, respectively, and kcat
values of 0.29 min−1 and 0.18 min−1, respectively [7,8]. Although
Vmax

GTP values were not estimated for other globin-coupled diguanylate
cyclases, the initial rates reported for these enzymes can be compared
to the kcat values presented here. The initial velocities for the active Fe
(II)-O2 form and less active Fe(II) forms of the globin-coupled digua-
nylate cyclases from Shewanella putrefaciens (SpDosD) were 1.68 min−1

and 0.52 min−1, respectively; the Km
GTP and Vmax

GTP for this protein
were not measured [14]. All these values are similar to those estimated
for the active and less active forms of YddV-MBP. However, the initial
velocity of the active Fe(II)-O2 form of another globin-coupled oxygen
sensor diguanylate cyclase, HemDGC, is 6.9 min−1 – almost an order of
magnitude higher than that of similar sensors. Additionally, all other
redox and ligand-bound forms of this enzyme exhibited negligible ac-
tivity [12]. These findings revealed that some organisms with globin-
coupled diguanylate cyclases having similar sensing properties [7,8]
are probably relatively closely related (E. coli, Bordetella pertussis, Pec-
tobacterium carotovorum), while others are more evolutionarily distant
(Desulfotalea psychrophia) [12].

Both O2 binding to the heme within the globin (sensing) domain and
c-di-GMP binding to a product-binding inhibitory site (I-site) within the
cyclase domain control the oligomerization states of PccGCS and
BpeGReg [7,8]. We observed no such oligomerization-dependent dif-
ferences in activity for YddV-MBP in vitro. YddV-MBP exists primarily as
a dimer independently of its heme redox state, the heme's ligand co-
ordination, and the presence or absence of the reaction product, c-di-
GMP. However, mutations of heme distal residues increased the relative
abundance of the tetramer and decreased that of the dimer (Figs. S2 and
S3). Although globin-coupled diguanylate cyclases from E. coli, Borde-
tella pertussis and Pectobacterium carotovorum exhibit some notable

similarities [7,8], we showed that there are also significant differences
in their behavior.

The functional domain of the YddV-MBP H98A mutant, which lacks
a heme in its sensing domain, is catalytically inactive (Table 1 and
Fig. 1). Similarly, the activity of a YddV construct without the globin
domain was approximately four times lower than that of the Fe(III)
form of the full-length protein [6]. These results are consistent with
those obtained for a heme-based oxygen sensor phosphodiesterase from
Acetobacter xylinum, AxPDEA [30], a heme-based oxygen sensor ade-
nylate cyclase from Leishmania, HemAC-Lm [31], and globin-coupled
histidine kinase from Anaeromyxobacter sp. Fw109−5, AfGcHK [29].
The heme-free forms of AxPDEA and HemAc-Lm exhibited very low
activity. The binding of heme to the sensing domain presumably causes
significant and profound structural changes in the active site that en-
ables the efficient activation of these heme-based oxygen sensors.
However, the functional effects of heme removal differ from those in
the heme-based oxygen sensor phosphodiesterase EcDOS, whose heme-
free forms have appreciable catalytic activity. It was suggested that the
heme iron complexes of EcDOS may suppress catalysis, and that O2

binding to the heme iron complex relieves this suppression [20]. Con-
versely, the YddV-MBP apoform (i.e. the H98A mutant) has no heme-
binding capacity, exists primarily as an octamer rather than a dimer,
and lacks catalytic activity (Table 1, Figs. 1 and S3). This suggests that
the dimeric form adopts a fold or conformation that is required for
catalysis.

Experiments involving mutating key amino acids in the sensing
domain of YddV-MBP yielded remarkable results (Table 2 and Fig. 2B).
Leu65 on the heme distal side probably restricts the access of water
molecules to the heme iron complex in the WT protein, while the OH
side chain of Tyr43 appears to interact directly with O2 bound to the
heme Fe(II) on the heme distal side [22,26]. The activities of Leu65 and
Tyr43 mutants seemed to be partially related to the autooxidation rates
of the corresponding mutants of the isolated YddV globin domain:
mutations that cause high rates of autooxidation in the isolated domain
[22] caused low activity in the intact protein, even when only the Fe
(III) forms were considered (Supporting Table S2). In addition, the re-
lative abundance of tetramers appeared to be higher for YddV-MBP
variants bearing mutations that reduce activity (Table 2 and Fig. S3B
and C).

Taking all these results together, we studied the impact of changes
in the heme-containing sensing domain on the diguanylate cyclase ac-
tivity of the YddV functional domain. The results obtained expand our
general knowledge of the relationships between signal transduction,
protein conformation, and the functional state of YddV, which is im-
portant given the lack robust structural data on the full-length protein.

Moreover, we note that the intracellular concentration of GTP in E.
coli ranges from 0.2 to 1.2 mM depending on the carbon source present
in the growth medium [32]. Therefore, the GTP concentration will al-
ways significantly exceed the Km

GTP values for the YddV-MBP digua-
nylate cyclase enzyme reported here. This implies that the rate-limiting
step is not substrate recognition (and so Km

GTP is not the most useful
kinetic parameter for analyzing trends in YddV's activity) even though
the signal transduction process apparently involves some appreciable
conformational changes. Instead, the limiting step is probably one of
the chemical reactions associated with GTP cyclization. The diguany-
late cyclase chemical reaction can be characterized in terms of the
Vmax

GTP (or the kcat, which is calculated from Vmax
GTP). Therefore,

Vmax
GTP is the most useful kinetic parameter when analyzing the di-

guanylate cyclase process catalyzed by YddV in the E. coli cells.
There are many heme-based oxygen sensors. There are also several

different classes of heme domain with different protein folds that bind
oxygen and regulate the activity of the catalytic domain. For example,
the heme domains of YddV and other globin-coupled oxygen sensors
have the globin fold, while those of FixL and EcDOS have the PAS fold,
and those of DevS and DevT have the GAF fold (named for the proteins
cGMP-specific and -stimulated phosphodiesterase, adenylate cyclase,
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and E. coli formate hydrogen lyase transcriptional activator) [1–3].
Some of the observed functional differences between the studied pro-
teins may thus be due to differences in protein fold and function.

The diguanylate cyclase enzyme activity of YddV should also be
considered in relation to that of the PAS domain-coupled phospho-
diesterase EcDOS because these two proteins act together to regulate
intracellular c-di-GMP levels. The activity of YddV species decreases in
the order Fe(III) > Fe(II)-O2 > > Fe(II)-CO and Fe(II), while that of
EcDOS species increases in the order Fe(II)-CO > Fe(II)-
O2 > > > Fe(II) > Fe(III) [19,20]. Because we already know that
the substrate concentration in E. coli cells substantially exceeds the
Km

GTP values for the different YddV-MBP species, the overall rate of the
process is determined by Vmax

GTP. While the kinetic parameters of the
reaction catalyzed by EcDOS are unknown, it is likely that the con-
centration of its substrate, c-di-GMP, is much lower than that of GTP.
Therefore, the rate of the phosphodiesterase process may be governed
by the affinity of c-di-GMP for individual EcDOS species, unlike in the
case of YddV. Moreover, there are probably other factors in the cells
that influence the oxygen sensing process and the concentration of c-di-
GMP. Local milieu- and time-dependent changes/differences in the O2

concentration in cells will affect the c-di-GMP concentration because
the O2 affinities of YddV (Kd: 14 μM) [5] and EcDOS (Kd: 340 μM) [33]
differ markedly.

Finally, it should be noted that H2S is another important signaling
gas molecule in bacteria that interacts with the hemes of some heme-
based oxygen sensors (including EcDOS, and AfGcHK) and affects their
catalytic activities [34–37]. We therefore investigated its effect on the
UV–Vis spectra and catalytic activities of the heme Fe(III) form of
YddV-MBP. Adding H2S to solutions of this protein caused spectral
changes indicative of redox and coordination changes but had no sig-
nificant effect on its catalytic activity (See Supporting data).

5. Summary

A catalytically active form of the full-length YddV protein was
prepared by attaching it to maltose-binding protein (MBP) and sub-
jected to rigorous kinetic analysis. This revealed that:

1. The diguanylate cyclase reaction catalyzed by YddV-MBP exhibits
Michaelis-Menten kinetics, has a pH optimum of around 8.5–9.0, and
requires the presence of either Mg2+ or Mn2+. The most catalytically
active form of YddV-MBP was that with a 5-coordinate heme Fe(III)
complex; the kinetic parameters determined for this species were Km

GTP

84 ± 21 μM, Vmax
GTP 12 ± 1 pmol of c-di-GMP.min−1.μl−1, kcat

1.2 min−1, and kcat/Km
GTP 0.014 μM−1·min−1.

2. The kcat values of YddV-MBP species with heme Fe(II), heme Fe
(II)-O2, and heme Fe(II)-CO complexes were 0.3 min−1, 0.95 min−1 and
0.3 min−1, respectively, suggesting that catalysis is regulated by the
heme iron center's redox state and axial ligand binding.

3. The kcat values of the heme Fe(III) forms of YddV-MBP variants
bearing the L65G, L65Q, and Y43A mutations at heme distal sites were
0.15 min−1, 0.26 min−1 and 0.54 min−1, respectively, implying that
heme distal amino acid residues play key roles in the catalytic me-
chanism of YddV because they mediate signal transduction between the
sensing and functional domains.

4. Ultracentrifugation and size exclusion chromatography experi-
ments indicated that YddV-MBP predominantly exists as a dimer in
solution, with a sedimentation coefficient (s20,w) around 8. Conversely,
the catalytically inert heme-free mutant H93A was predominantly oc-
tameric, suggesting that heme binding is important for formation of the
catalytically active dimer.

The results presented here improve our knowledge about the effects
of various heme iron redox and axial coordination states on the di-
guanylate cyclase activity of YddV. Since the heme iron is localized in
the protein's sensing domain while the digualylate cyclase activity is
localized in its functional domain, we learned more about the re-
lationship between the domains and the signal transduction process.

The approach used in this work provided useful insights into the sig-
naling mechanism of YddV, which is particularly important given the
lack of structural data on the full-length protein.

Table of abbreviations

AfGcHK a globin-coupled histidine kinase from Anaeromyxobacter sp.
Fw109−5

AxPDEA a heme-based oxygen sensor phosphodiesterase of Acet-
obacter xylinum

BpeGReg a globin-coupled oxygen sensor with diguanylate cyclase
activity from Bordetella pertussis

c-di-GMP cyclic-di-GMP
EcDOS a heme-based oxygen sensor phosphodiesterase or EcDosP
E. coli Escherichia coli
Fe(II) Fe(II)-protoporphyrin IX complex
Fe(III) Fe(III)-protoporphyrin IX complex, or hemin
GAF protein domain named after three proteins: cGMP-specific

and -stimulated phosphodiesterase, adenylate cyclase, and E.
coli formate hydrogen lyase transcriptional activator

GMP guanosine-5′-monophosphate
GTP guanosine-5′-triphosphate
HemAC-Lm a heme-based oxygen sensor adenylate cyclase of Leish-

mania
HemDGC a globin-coupled oxygen sensor with diguanylate cyclase

activity from Desulfotalea psychrophia
HPLC high-performance liquid chromatography
MBP maltose binding protein
PAS protein domain named after three proteins (Per-Arnt-Sim)
PccGCS a globin-coupled oxygen sensor with diguanylate cyclase

activity from Pectobacterium carotovorum
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis
SpDosD a globin-coupled oxygen sensor with diguanylate cyclase

from Shewanella putrefaciens
Tris tris(hydroxymethyl)aminomethane
WT wild type
YddV a globin-coupled oxygen sensor diguanylate cyclase or Ec-

DosC
YddV-heme an isolated heme-bound globin domain of YddV
YddV-MBP a full-length YddV protein containing a MBP tag
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