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ABSTRACT: Bifunctional enzymes, which contain two domains with opposing
enzymatic activities, are widely distributed in bacteria, but the regulatory
mechanism(s) that prevent futile cycling are still poorly understood. The recently
described bifunctional enzyme, DcpG, exhibits unusual heme properties and is
surprisingly able to differentially regulate its two cyclic dimeric guanosine
monophosphate (c-di-GMP) metabolic domains in response to heme gaseous
ligands. Mutagenesis of heme-edge residues was used to probe the heme pocket
and resulted in decreased O2 dissociation kinetics, identifying roles for these
residues in modulating DcpG gas sensing. In addition, the resonance Raman
spectra of the DcpG wild type and heme-edge mutants revealed that the mutations alter the heme electrostatic environment, vinyl
group conformations, and spin state population. Using small-angle X-ray scattering and negative stain electron microscopy, the
heme-edge mutations were demonstrated to cause changes to the protein conformation, which resulted in altered signaling
transduction and enzyme kinetics. These findings provide insights into molecular interactions that regulate DcpG gas sensing as well
as mechanisms that have evolved to control multidomain bacterial signaling proteins.

■ INTRODUCTION

Heme proteins serve a wide variety of roles in nature, ranging
from oxygen transporters to catalysts to gas sensors. This
functional diversity is made possible by the tuning of heme
properties through heme pocket amino acid side chains that
directly coordinate the heme iron or provide residues within
proximity to the heme macrocycle. Residues near the heme can
interact with its vinyl or propionate substituents, possibly
inducing out of plane distortions.1,2 Variations in the heme
pocket architecture, including resident water molecules, have
yielded a diverse family of proteins with reduction potentials
that span 1 V.3−9 Within the larger hemoprotein family, heme
sensor proteins are used throughout the kingdoms of life to
sense gaseous ligands, such as nitric oxide (NO), carbon
monoxide (CO), and oxygen (O2), and typically contain a
proximal histidine ligand and, for O2 binding proteins, have a
distal pocket with hydrogen bonding residues.10−15

Many organisms use heme-based sensor proteins to sense
and respond to changes in their gaseous environment by
binding diatomic ligands, such as NO, CO, and O2, through
the use of a variety of heme domains, including sensor globin,
Per-Arnt-Sim (PAS), and Heme Nitric oxide-OXygen (H-
NOX) domains.15−17 To date, heme sensor proteins have been
demonstrated to respond to one primary ligand, with other
diatomic ligands either not affecting their downstream protein/
domain or having more modest effects than the physiological
ligand.15,16,18−20 In contrast, we recently characterized a globin
coupled sensor (GCS) protein that is a bifunctional enzyme

from the bacterium Paenibacillus dendritiformis C454 (DcpG).
GCS proteins consist of an N-terminal sensor globin domain
linked by a middle domain of varying length to an output
domain. In the case of DcpG, the protein contains both c-di-
GMP synthesis (GGDEF) and hydrolysis (EAL) domains that
are differentially regulated by O2 and NO.21 C-di-GMP is a
bacterial second messenger that regulates biofilm formation
and is an important regulator of motility and virulence.22 For
DcpG, NO binding activates c-di-GMP synthesis within the
GGDEF domain relative to FeII unligated, while O2 binding is
inhibitory. In contrast, O2 binding results in activation of c-di-
GMP hydrolysis by the EAL domain, relative to FeII unligated,
while NO (and CO) have no significant effects. Using small-
angle x-ray scattering (SAXS) and negative stain electron
microscopy (EM), we demonstrated that DcpG in the Fe(II)-
O2 ligation state forms a dimer that physically distances the
GGDEF domains, inhibiting activity, while allowing formation
of the active EAL domain dimer.21 In addition, DcpG was
found to exhibit surprisingly rapid O2 and NO dissociation
rates from the sensor globin domain and, using spectro-
electrochemistry, the globin domain was demonstrated to have
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two distinct high midpoint potentials (+418 and 279 mV vs
the standard hydrogen electrode (SHE)), demonstrating the
non-equivalency of the hemes within the DcpG homodimer.21

The atypical ligand dissociation rates and unique ability of
DcpG to differentially control activity of the two enzymatic
domains led us to probe here in this study the heme
characteristics that allow the protein to respond differentially
to two ligands. Using a combination of mutagenesis, enzyme
kinetics, ligand binding kinetics, resonance Raman spectros-
copy, and structural studies, we have identified roles for heme-
edge amino acid residues in modulating DcpG heme
conformation and enzyme activity. These results improve our
understanding of the factors controlling heme electronics
within heme proteins and provide new details regarding the
sensor globin fold within GCS proteins.

■ EXPERIMENTAL SECTION
Protein Expression and Purification. The codon-

optimized gene for DcpG (Uniprot ID: H3SIC7; codon
optimization performed by GenScript) was cloned into pET-
20b(+) using Ndel and Xhol restriction sites. The resulting
plasmid was transformed into OverExpress C41(DE3) pLysS
(Lucigen) via heat shock, and positive transformants were
selected on LB medium containing ampicillin (DOT Scientific
Inc.) (100 μg mL−1) and chloramphenicol (Research Products
Int.) (30 μg mL−1). An approach known as the plating method
was used obtain optimal protein expression.23 Briefly, a single
colony of pet20b(+)-DcpG plasmid-containing cells was
suspended in 200 mL of autoclaved deionized water and
vigorously shaken. The suspension was plated on LB medium
containing ampicillin (100 μg mL−1) and chloramphenicol (30
μg mL−1) and incubated at 37 °C. All colonies were scraped off
and suspended in expression media (45 g of yeast extract
(Research Products Int.), 1.6 g of KH2PO4 (Research Products
Int.), 13.0 g of K2HPO4 (Research Products Int.), and 1%
glycerol (Sigma Aldrich) per 1 L). The cells were grown at 37
°C, and aminolevulinic acid (Sigma Aldrich) (500 μM final
concentration) was added to the culture at OD600 = 0.3. The
temperature was lowered to 18 °C, and the cells were grown to
OD600 = 0.7. Cells were then induced with IPTG (Research
Products Int.) (0.5 mM) and allowed to express the DcpG
protein for 18−20 h prior to being harvested by centrifugation
(4000g at 4 °C, 20 min), and the resulting cell pellet was
frozen at −80 °C until use.
For purification, the cell pellet was thawed and suspended in

Buffer A (50 mM Tris (Research Products Int.), 300 mM NaCl
(Research Products Int.), 20 mM imidazole (Sigma Aldrich)
(pH 7.5) with protease inhibitors (benzamidine HCl)
(Research Products Int.), and Pefabloc SC (Sigma Aldrich)).
The cells were lysed using a homogenizer (Avestin, Inc.), and
the resulting lysate was centrifuged at 130,000g in a Beckman
Optima L-90X ultracentrifuge at 4 °C for 1 h. All subsequent
purification steps were performed at 4 °C. The supernatant
was applied to a pre-equilibrated HisPur Ni-column (Fisher
Scientific), and DcpG was eluted with Buffer B (50 mM Tris,
300 mM NaCl, and 250 mM imidazole, pH 7.5) at a flow rate
of 1.0 mL/min. Purified DcpG was desalted eluting using a
S200 gel filtration column (GE Healthcare) that had been
equilibrated with Buffer C (50 mM Tris, 50 mM NaCl, 1 mM
DTT (Research Product Int.), and 5% glycerol (v/v), pH 7.5)
at a flow rate of 1.0 mL/min. Fractions containing DcpG were
collected and concentrated via ultrafiltration (YM-10, 10 kDa
MWCO filter, Millipore), aliquoted, flash frozen, and stored at

−80 °C until use. Protein purity was assessed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) (Figure S1A), and concentrations were determined
using the Bradford Microassay (Bio-Rad Laboratories). DcpG
variants (H62A, H62Y, H46F, H62W, R79A, and R79Q) were
expressed and purified in an analogous manner to DcpG WT
(Figure S1).

Site-Directed Mutagenesis. Variants of full-length DcpG
were generated using the QuikChange protocol from
Stratagene using materials from a Phusion High-Fidelity
PCR Kit (Table S1). The mixture was run at the cycling
parameters provided by the QuikChange protocol from
Strategene using a BioRad C1000 Touch Thermal Cycler.
Positive PCR were determined by gel electrophoresis and were
transformed into DH5 alpha competent cells and plated on LB
agar medium containing ampicillin (100 μg mL−1). Positive
transformants were grown overnight in LB media containing
ampicillin (100 μg mL−1). The DNA plasmid was extracted
from overnight growth using a GenElute Plasmid miniprep kit.
The accuracy of each substitution was verified by sequencing
(Eurofins Genomics). The mutagenic primers used to create
each variant are listed in Table S1.

Electronic Spectroscopy. UV−visible spectroscopy spec-
tra were acquired from 800 to 200 nm using an Agilent Cary
100 spectrophotometer with an Agilent Technologies Cary
Temperature Controller. The spectra were recorded in a 1 cm
path length quartz cuvette. Preparation of complexes was
carried out as previously described except that the proteins
were prepared in Buffer C (Figure S2).24,25 Briefly, DcpG is
purified in the Fe(II)-O2 ligation state. A 200 μL aliquot of 80
μM DcpG is transferred into the anaerobic chamber where a
solution of 500 μM sodium dithionite (Millipore Sigma) is
prepared with anaerobic Buffer C. A 10 μL aliquot of 500 μM
sodium dithionite is added to DcpG and left to sit for 30 min.
The mixture was then desalted using a PD-10 column that was
equilibrated with Buffer C and checked using the spectropho-
tometer for the fully reduced Fe(II) ligation state. For the
Fe(II)-NO sample, 5 μL of 10 mM DEA-NONOate (Cayman
Chemical) dissolved in anaerobic 0.1 M NaOH was added to
the protein. The Fe(II) ligation states of the heme-edge
variants were prepared analogous to DcpG WT (Figure S2).

O2 Dissociation Rates. O2 dissociation rates were
performed as previously described with the following
modifications.20,24,26 DcpG and variants (3−5 μM) for O2
dissociation rates and a 10 mM sodium dithionite trap were
prepared in anaerobic Buffer C in an anaerobic chamber (Coy
Labs). Saturating CO was not used as part of the trap. The
dissociation of O2 from the heme was monitored using an
SX20 stopped flow equipped with a diode array detector and fit
globally using Pro-KII (Applied Photophysics). Additional
fitting analysis of raw data was performed using Igor Pro
(Wavemetrics; Figure S3).

Resonance Raman Spectroscopy. Sample Preparation.
To prepare the DcpG Fe(III) (wild type, H62A and R79A
mutants), each sample (100 μL of 100 μM) was first buffer
exchanged into 50 mM Hepes 50 mM KCl pH 7.5 buffer, and
the protein was then oxidized by adding KFe(CN)6 solution to
a final concentration of 5 mM. The excess KFe(CN)6 was
removed from DcpG samples by passing through a PD10
desalting column (GE Healthcare). The protein was finally
concentrated to 100 μM for rR measurements. The deoxy
samples were generated by evacuation of the oxygenated
samples on a vacuum line and then refilling with argon.
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Sufficient dithionite solution was added to fully reduce the
samples, as monitored with a device capable of recording
electronic absorption spectra from an NMR tube (model
CHEM2000-VIS, Ocean Optics Inc., Dunedin, FL).
Resonance Raman Measurements. The ferric samples

were measured with the 406.7 nm excitation line from a Kr+
laser (Coherent Innova Sabre Ion Laser), whereas the ferrous
samples were acquired with the 441.6 nm line from a He-Cd
laser (IK Series He−Cd laser, Kimmon Koha Co., Ltd.). All
spectra were measured using a Spex 1269 spectrometer
equipped with a Spec-10 LN liquid nitrogen-cooled detector
(Princeton Instruments, NJ). The slit width was 150 μm, and
the laser power incident on all samples was ∼10 mW; the
spectra were calibrated with data acquired for fenchone and
processed with Grams/32 AI software (Galactic Industries,
Salem, NH).
Diguanylate Cyclase (DGC) Enzyme Kinetics. Prior to

DGC kinetic assays, DcpG variants and EcDosP27 were
reduced and various DcpG complexes were formed as
previously described.24,25,27 The ligation/oxidation state of
the heme was determined by UV−vis spectroscopy before each
enzyme assay. All Fe(II), Fe(II)-NO, and Fe(II)-CO kinetics
were measured in an anaerobic chamber (Coy Laboratories).
The EnzChek pyrophosphate kit (Life Technologies) was used
according to the manufacturer’s instructions with the exception
that DcpG and a phosphodiesterase (EcDosP) were added, and
the reactions were initiated with varying concentrations of
GTP (Sigma), as described for other GCS proteins.20,28 The
EnzChek kit monitors production of pyrophosphate from the
enzymatic conversion of GTP to c-di-GMP. PPi is converted to
Pi via an inorganic phosphatase and the resulting Pi is used by
a nucleotide phosphorylase to enzymatically convert 2-amino-
6-mercapto-7-methylpurine ribonucleoside (MESG) to ribose
1-phosphate and 2-amino-6-mercapto-7-methylpurine. The
enzymatic conversion of MESG results in a shift in absorbance
maximum from 330 to 360 nm. A360 readings were monitored
every 30 s for 180 min.
Assays were performed in triplicate in 96-well plates

containing four protein concentrations (0.25−2.5 μM) and
five GTP concentrations (0−1000 μM). EcDosP was included
at 3-molar excess to eliminate inhibition of cyclase activity by
the produced c-di-GMP. Plates were monitored using an
Epoch2 plate reader and Gen5 software (Biotek). The entire
plate assay (including triplicates) was repeated at least twice
with different protein preparations to account for day to day
and protein batch variability. Subsequent analyses to determine
enzymatic rates were performed using Igor Pro (Wavemetrics).
Phosphodiesterase (PDE) Enzyme Kinetics. Prior to

PDE kinetic assays, the proteins were reduced, and various
complexes were formed as previously described,24,25 and the
ligation/oxidation state of the heme was determined by UV−
vis spectroscopy. All Fe(II), Fe(II)-NO, and Fe(II)-CO
kinetics were measured in an anaerobic chamber. The
EnzChek phosphate kit (Life Technologies) was used
according to the manufacturer’s instructions with the exception
that DcpG was added, and the reactions were initiated with
varying concentrations of c-di-GMP. 5′-Nucleotidase from
Crotalus atrox venom (Enzo Life Sciences) also was added to
the kit at a concentration of 100 units/mL per well. 5′-
Nucleotidase catalyzes the hydrolysis of pGpG to GpG and
phosphate but does not hydrolyze c-di-GMP.21 A360 readings
were monitored every 30 s for 180 min.21 A360 readings were
monitored every 30 s for 180 min.

Assays were performed in triplicate in 96-well plates
containing four protein concentrations (1.25−10 μM) and
five c-di-GMP (Axxora) concentrations (0−75 μM). The
entire plate assay (including triplicates) was repeated at least
twice to account for day to day and protein batch variability.
Subsequent analyses to determine enzymatic rates were
performed using Igor Pro (Wavemetrics).

Small-Angle X-ray Scattering (SAXS). DcpG H62W,
H62A, and R79Q protein samples at concentrations of 0.25,
0.50, 0.75, and 1.0 mg/mL were prepared in a buffer
containing 50 mM Tris, 50 mM NaCl, and 5% glycerol (pH
7.5). All samples were centrifuged at 14,000 rpm for 20 min to
minimize aggregation and to remove dust particles prior to
analysis. DLS measurements were performed on the samples to
ensure homogeneity (Table S2). Synchrotron SAXS data were
collected at the macromolecular Cornell High Energy
Synchrotron Source, MacCHESS, on the G1 beamline station.
Data were collected at 293 K using a dual PILATUS 100K-S
SAXS/WAXS detector and a wavelength of 1.264 Å. A 1.5 mm
OD quartz glass capillary with 10 μm-thick walls in vacuo was
used, and 30 μL of the sample was loaded with a Hudson
SOLO single-channel pipetting robot (Hudson Robotics Inc.
Springfield, New Jersey). To reduce radiation damage, sample
plugs were oscillated in the X-ray beam using a computer-
controlled syringe pump. The sample capillary-to-detector
distance was 1508.0 mm and allowed for simultaneous
collection of small- and wide-angle scattering data, covering a
broad momentum-transfer range (q range) of 0.0075−0.8 Å−1

(q = 4π sin(θ)/λ, where 2θ is the scattering angle). The energy
of the X-ray beam was 9.808 keV, with a flux of 3 × 1011

photons/s and a diameter of 250 μm × 250 μm. The
synchrotron storage ring was running at 50 milliamps positron
current. Exposure times of 10 s in 10 1 s frames were used for
the measurements; this allowed monitoring for any radiation
damage effect. No radiation damage was detected, and the 10
frames were averaged. The RAW software was used for initial
data reduction and background buffer data subtraction.29 The
data at high concentrations showed no concentration depend-
ence and was used for further analysis. The forward scattering
I(0) and the radius of gyration (Rg) were calculated using the
Guinier approximation, which assumes that at very small angles
(q < 1.3/Rg), the intensity is approximated as I(q) =
I(0)exp[−(qRg)23]. The molecular mass was estimated using
a comparison with glucose isomerase and lysozyme standard
protein data and Guinier fit and Kratky plots generated in the
BioXTAS RAW software. For all further data analysis, the
SAXS software suite ATSAS30 was used. GNOM31 was used to
calculate the pair-distance distribution function P(r), from
which the maximum particle dimension (Dmax) and Rg were
determined (Table S3). Ab initio low-resolution solution
models were reconstructed using DAMMIN32 for data in the
range (0.009 < q < 0.275 Å−1). Ten models were generated
from each program and averaged using DAMAVER.33 The
normalized spatial discrepancy parameter (NSD) obtained
from DAMAVER indicated the similarity between models used
for average calculations. NSD values ≤1.0 were obtained as
expected for similar models. The theoretical scattering profiles
of the constructed models were calculated and fitted to
experimental scattering data using CRYSOL34 (Figure S6).
Individual domains of the DcpG structures, globin, GGDEF,

and EAL were generated using homology modeling in
iTasser.35 Possible tertiary and quaternary structures of
globin-globin, EAL-GGDEF, GGDEF-GGDEF, and EAL-
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EAL dimers were also modeled in iTasser and the PyMOL
graphics software36 using the corresponding sub-sequences and
available high-resolution protein structures. The linker residues
connecting the globin and GGDEF domains were allowed to
have random-coil conformations. The various domain models
were manually rotated and translated to fit into the SAXS
solution envelope using PyMOL. The constraints used for
building the DcpG dimer included keeping the established
globin dimer intact and using the cross-linking data
information for the wild type and mutants for positioning
the other domains. The complete DcpG dimer model hence
built was energy minimized using the Chimera37 software. To
evaluate the conformational flexibility of the domains in the
manually fit dimer, SREFLEX38 software was used with the
domains and their individual dimers refined as independent
rigid bodies. This ATSAS program uses normal mode analysis
to estimate the flexibility of high-resolution models and
improves their agreement with experimental SAXS data. In
these refinement steps, the EAL and GGDEF domains were
free to adopt different conformations relative to a fixed globin
dimer.
Gradient Fixation (GraFix)39,40 Preparation of the

Complexes. The purified sample was dialyzed into Buffer A
(Buffer A: 20 mM HEPES-KOH pH 7.55, 60 mM KCl, 5%
glycerol, 1.5 mM DTT, 2 mM MgCl2) for 3 h in 4 °C. Buffer B
and buffer C (Buffer B: 20 mM HEPES-KOH pH 7.55, 60 mM
KCl, 10% glycerol, 1 mM DTT, and 2 mM MgCl2; Buffer C:
20 mM HEPES pH 7.55, 60 mM KCl, 30% glycerol, 1 mM
DTT, 2 mM MgCl2, and 0.1% glutaraldehyde) were mixed
using a gradient maker (Gradient Master, Biocomp). The
prepared sample was then added on the top layer of the tube
mixture and centrifuged overnight (Beckman Coulter Optima
XL-100K). The solution in the tube was then fractionated and
analyzed.
Electron Microscopy Sample Preparation and Data

Collection. Continuous carbon grids were glow-discharged
for 30 s using a Pelco easiGlow Cleaning System. We then
deposited 3 μL of purified sample, incubated it for 30 s on the
grid at room temperature, negatively stained with five drops of
2% uranyl formate solution, and blotted dry. The grids were
imaged using a Tecnai G2 20 X-TWIN electron microscope
equipped with a LaB6 source, operating at 200 keV at a
nominal magnification of 17,500× (6.07 Å/pixel at the
detector level).
The images were recorded on a Gatan US1000XP Ultrascan

CCD camera (2048 × 2048, 14 μm physical pixel size, Figure
S8) at a defocus range of −1.5 to −3 μm and an electron dose
of 25 e−/Å2.
Image Processing. The collected images were contrast-

inverted using EMAN241 and imported into cryoSPARC
v2.1542 for all subsequent data processing. After CTF
calculations, 1500 particles were picked manually, classified
in 2D, and used as templates for automated particle picking.
After picking, 2D classification was used to eliminate “bad
particles”, and the selection was used for ab initio and
subsequently homogeneous refinement. We also used 3D
classification to further homogenize the sample in silico.

■ RESULTS AND DISCUSSION
Heme-Edge Residues Modulate O2 Dissociation

Kinetics. Most GCS proteins and sensor globins characterized
to date exhibit slow, biphasic O2 dissociation kinetics (Table
1); however, the GCS from Bacillus subtilis HemAT-Bs exhibits

O2 dissociation rates even faster than DcpG.43 Therefore, to
identify key differences that result in rapid O2 dissociation
rates, the heme pocket of DcpG was further considered using a
homology model of the globin domain (Figure 1; the model
generated using Phyre244). A histidine (H) at the DcpG heme
edge (position 62) was identified and, based on the globin
domain sequence alignment (Figure 1B, arrow c), found to be
conserved in HemAt-Bs, but not the other GCS proteins,
which have tryptophan (W) at this position. As it previously
has been shown that heme-edge residues that π-stack to the
heme can control ligand affinity and midpoint potential,20,45,46

we hypothesized that DcpG H62 influences the O2 dissociation
rates by modulating heme electronics.
Site-directed mutagenesis was used to generate the H62A,

H62W, H62Y, and H62F variants to determine the effect of
changing electronics and hydrogen bonding at the heme edge
on the O2 dissociation rates. Each of the H62 variants resulted
in decreased k1 and k2 rates (Table 1), with rates for the H62W
variant being nearly the same as those of PccGCS and
BpeGReg, which contain heme-edge tryptophan residues.20,47

In addition, the percentages of k1 and k2 for the H62 variants
are altered compared to the DcpG wild type, indicating that
there may be differences in heme pocket conformation and/or
side chain interactions between the variants and wild-type
protein. Interactions between positively charged heme-edge
His/Arg residues and the porphyrin ring in DcpG and
HemAT-Bs could withdraw electron density from the heme,
resulting in weaker Fe-O2 interactions and the observed rapid
O2 dissociation rates.

Heme-Edge Residues Affect Ligand-Dependent Sig-
naling. To probe the effects of heme-edge residues on the
signaling mechanism of DcpG ligand regulated activity, we
investigated the effect of the H62W and R79Q heme-edge
mutations on diguanylate cyclase (DGC) and phosphodiester-
ase (PDE) activity to determine if the heme edge is involved in
signal transduction (Table 2 and Figure S4). For the DGC
activity, both the H62W and R79Q variants exhibited the same
trend as DcpG (kcat Fe(II) > kcat Fe(II)-O2) as shown in Table
3; however, kcat and KM values for the mutants were
substantially changed. The R79Q mutant, which is farther
from the heme edge, exhibited ∼2-fold and ∼4-fold decreases
in catalytic activity for the Fe(II) and Fe(II)-O2 ligation states,
respectively. The H62W variant exhibited the same ∼2-fold
decreased activity for the Fe(II) state but displayed a 9-fold
decrease in activity for the Fe(II)-O2 ligation state, as

Table 1. O2 Dissociation of DcpG and Heme-Edge
Variantsa

protein k1 (s
−1) k2 (s

−1) % k1 % k2 ref

DcpG 12.07 87.30 18 82 21
DcpG H62A 2.11 12.38 52 48 TW
DcpG H62Y 2.61 22.00 30 70 TW
DcpG H62W 1.86 5.17 45 55 TW
DcpG H62F 0.70 2.09 54 46 TW
DcpG R79A 5.02 92.20 20 80 TW
DcpG R79Q 12.10 69.60 15 85 TW
PccGCS 0.56 3.87 56 44 20
BpeGreg 0.82 6.30 39 61 20
EcDosC 13 11
HemAt-Bs 87 1900 NR NR 43

aTW: this work, NR: not reported. Standard deviations for rates and
rate percentages are less than 5% of the measured value.
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compared to DcpG WT, indicating that the H62W variant has
a greater effect on signal transduction than the R79Q variant.
These data demonstrate that DcpG requires contacts between
heme-edge residues and the porphyrin for full DGC activity.
Furthermore, the heme-edge variants both exhibited decreased
KM values relative to DcpG (Table 2), suggesting that the
mutations caused rearrangements in both the GTP binding site
and the interface between the DGC domains that contains the
GGDEF active site. However, the changes in KM are unlikely to
affect activity in vivo because GTP concentrations in log-phase
bacteria are typically in the millimolar range.48

Although no other EAL-containing GCS proteins have been
characterized to allow for comparison of the effect of DcpG
heme mutations with another GCS, the H62W and R79Q
variants can give insights into how these heme-edge residues
affect PDE activity. The H62W and R79Q mutants exhibited
the same trend as DcpG (Table 3) (kcat Fe(II)-O2 > Fe(II));
the H62W mutant resulted in a 2-fold decrease in the kcat for
each ligation state; however, the R79Q Fe(II) unligated variant
exhibits no PDE activity, indicating that the R79Q mutation

disrupts PDE activity when in the Fe(II) state, but a signal can
still be transduced when O2 is bound (Table 3). The KM for
the heme-edge variants remains relatively unchanged, indicat-
ing that these mutations do not cause a major change to the c-
di-GMP binding site in the EAL domain (Table 3).

Resonance Raman of the DcpG WT and Heme-Edge
Variants. To provide further insights into the heme properties
and interactions that weaken O2 affinity, resonance Raman
experiments were performed on DcpG, DcpG H62A, and
DcpG R79A Fe(III) and Fe(II) samples. Resonance Raman
(rR) has been proven to be a powerful tool to detect subtle
changes in the active sites of heme-based sensor proteins,
allowing for additional information regarding the DcpG heme
pocket.49−54 Factors known to affect electronics of heme
proteins include the electrostatic environment,55,56 heme out-
of-plane distortion,2,57,58 steric and electrostatic interactions of
heme pocket amino acid residues with the vinyl and propionate
peripheral substituents,59−62 and solvent exposure of the
heme.7 In the present case, the positively charged heme-edge
residues in DcpG (protonated H62 and R79) could withdraw
electron density from the heme, thereby decreasing O2 affinity.
In addition, it is possible that the heme could be less solvent-
exposed within DcpG, as the protein structure has not yet been
solved.
The resonance Raman spectra of DcpG, DcpG H62A, and

DcpG R79A Fe(III) species are shown in Figure 2A−C. The
heme macrocycle modes in the high frequency region are
sensitive to the heme oxidation and spin state changes. In the
wild-type DcpG (Figure 2A), the oxidation state marker, the ν4
mode, appears at 1369 cm−1, indicating the presence of a pure
ferric species, while the spin state markers, the ν3 and ν2
modes, are observed at 1492 and 1568 cm−1, respectively,
confirming the presence of a five-coordinate high-spin (5cHS)
heme. It is noted that a relatively strong ν(CC) vinyl
stretching mode is observed at 1634 cm−1. In the low
frequency region, the assigned heme skeletal modes in the
wild-type protein are ν7 (673 cm−1), ν8 (349 cm−1), and ν15
(746 cm−1). The band observed at 372 cm−1 is attributed to
the heme propionate bending coordinates, while those
appearing at 411 and 430 cm−1 are typically assigned to
“vinyl bending” modes. The only significantly enhanced out-of-
plane modes are γ21 and γ22, both of Eg symmetry.49−54,57,63

Figure 1. Homology model of DcpG and globin sequence alignment.44 (A) Heme proximal, distal, and edge residues within the heme pocket are
labeled. (B) Sequence alignment of sensor globin domains. (a) distal tyrosine (Y33); (b) secondary hydrogen bond donor threonine (T58); (c)
heme-edge His/Trp (H62); (d) heme-edge Arg/Gln (R79); and (e) proximal histidine (H86). Numbering corresponds to DcpG.

Table 2. Kinetic Parameters for DcpG Heme-Edge Mutants’
Ligand-Dependent DGC Activity at 25 °C (Mean ± SD for
Three Independent Experiments)

protein ligation state kcat GTP (min−1) Km GTP (μM)

DcpG WT21 Fe(II) 1.21 ± 0.07 284.4 ± 123.3
Fe(II)-O2 0.45 ± 0.04 80.9 ± 33.5

DcpG H62W Fe(II) 0.71 ± 0.03 77.9 ± 54.7
Fe(II)-O2 0.05 ± 0.02 7.01 ± 3.71

DcpG R79Q Fe(II) 0.69 ± 0.01 137.7 ± 23.6
Fe(II)-O2 0.22 ± 0.10 21.0 ± 7.5

Table 3. Kinetic Parameters for DcpG Heme-Edge Mutants’
Ligand-Dependent PDE Activity at 25 °C (Mean ± SD for
Three Independent Experiments)

protein ligation state kcat c‑di‑GMP (min−1) Km c‑di‑GMP (μM)

DcpG WT21 Fe(II) 0.22 ± 0.01 8.35 ± 4.78
Fe(II)-O2 0.54 ± 0.08 11.94 ± 4.65

DcpG H62W Fe(II) 0.10 ± 0.01 6.4 ± 3.4
Fe(II)-O2 0.25 ± 0.04 10.0 ± 4.3

DcpG R79Q Fe(II) no activity
Fe(II)-O2 0.14 ± 0.05 8.5 ± 3.1
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Figure 2B (right panel) shows the high-frequency region of
the H62A mutant, showing features characteristic of the ferric
state, with the ν4 oxidation state marker occurring at 1371
cm−1. Interestingly, the ν3 spin state marker bands are
indicative of the presence of a mixture of five-coordinate
high-spin (1492 cm−1) and six-coordinate low-spin (1503
cm−1) species; consistent with this, the ν2 (spin-state marker)
modes for five-coordinate high-spin (1568 cm−1) and six-
coordinate low-spin (1583 cm−1) are observed in the expected
region.49,51−54,63 At this point, it is not clear if the individual
hemes in the DcpG H62A dimer are inequivalent upon
oxidation, with one being five-coordinate high-spin and the
other six-coordinate low-spin; alternatively, each heme of the
dimer may be partially converted to the 6cLS state. Clearly,
replacing the bulky His62 with Ala might alter the heme active
site structure in several ways that influence the heme
electronics. One major difference in the rR spectrum acquired
for the H62A mutant is the appearance of a second vinyl
ν(CC) mode at 1625 cm−1, this lower frequency mode
being associated with a vinyl group adopting a more in-plane
orientation with the pyrrole ring of the macrocycle;64−66

significantly, it is noted that this orientation of the electron-
withdrawing vinyl substituent can be expected to lead to some
increase in the heme reduction potential.61 The most notable
change in the low frequency region is the shift of the
propionate bending mode from 372 to 377 cm−1 for the H62A
variant, such a shift typically reflecting increased H-bonding
interactions with amino acid side chains,59−62,67,68 though the

magnitude of the expected effects on heme electronics remains
unclear.59−62,69

The rR spectrum of the R79A mutant (Figure 2C) exhibits a
spectral pattern quite similar to that of the wild-type protein,
showing a five-coordinate high-spin ferric heme, with the spin
state markers observed at 1492 (ν3) and 1568 (ν2) and a vinyl
CC stretching mode coincident with that of the WT protein.
The low-frequency region of ferric DcpG R79A mutant
exhibits the propionate bending mode at 369 cm−1, 3 cm−1

lower than the wild type, indicative of a more disrupted H-
bonding between propionate and nearby amino acid residues.
Additionally, it is noted that an A2u “pyrrole tilt” heme out-of-
plane mode, γ7, occurring at 318 cm

−1, is weakly activated after
mutating R79 to alanine.
In summary of the rR data acquired for the ferric forms of

DcpG, the mutations of these two heme-edge residues have
minimal effects on the planarity of the heme macrocycle, based
on the lack of significant changes in the observed low
frequency out-of-plane modes. On the other hand, replacement
of the bulky H62 residue with Ala leads to heme pocket
rearrangements, causing one of the heme vinyl groups to adopt
a more planar alignment with the macrocycle pyrrole group, a
reorientation that provides an understanding for the modest
decrease in O2 dissociation rates of the variant.59−61,70,71

Turning attention to the resonance Raman data for the
ferrous forms of DcpG, DcpG H62A, and DcpG R79A, the
spectra for the high frequency region are shown in Figure 3A−
C (right panels). WT DcpG exhibits a ν4 mode at 1354 cm−1,
which indicates the presence of a pure ferrous species while the

Figure 2. rR spectra of ferric DcpG in low (left panel) and high frequency (right panel) regions. (A) WT, (B) DcpG H62A, and (C) DcpG R79A
in the high frequency regions.
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spin state markers, ν3, ν2, and ν10, occurring at 1474,1569, and
1612 cm−1, respectively, indicate a 5cHS species. Similarly,
both H62A (Figure 3B) and R79A (Figure 3C) variants also
exhibit features of a ferrous, five-coordinate high-spin
species.65,72 As was the case with the ferric species, the most
interesting changes for the mutants involve the behavior of the
vinyl groups. The WT protein exhibits a relatively intense vinyl
CC stretching mode at 1625 cm−1, indicating a nearly planar
orientation relative to the pyrrole rings, implying enhanced
conjugation, along with a weak 1638 cm−1 mode attributable
to a small fraction of vinyl groups with an out-of-plane
configuration. As is clarified in Figure S5, the expanded rR
spectrum of the H62A is best fit with only a minor
contribution of the (1625 cm−1) in-plane vinyl group
orientation, seemingly reflecting loss of the bulky His residue,
and two features (1632 and 1638 cm−1) ascribable to out-of-
plane vinyl groups. The R79A variant, retaining the bulky H62
side chain, exhibits a relatively intense 1625 cm−1 feature,
along with a significant contribution (1632 cm−1) from out-of-
plane vinyl groups. One notable difference in the rR spectrum
of this variant is the presence of a relatively strong new feature
observed at 1456 cm−1 that is most reasonably ascribed to a
vinyl δ(CH2) bending (scissoring) mode.73 Consistent with
this, reference to the low frequency spectra displayed in the left
panel shows that the R79A variant does indeed exhibit new,
relatively intense, vinyl δ(Cβ-Ca-Cb) bending modes at 421 and
430 cm−1 that are attributable to out-of-plane vinyl
groups.59,64,65

The most interesting finding in the low frequency region is
the positioning of the proximal Fe-Nhis stretching mode at 229
cm−1, which is also present in both heme-edge mutants,
indicating that mutating these heme-edge residues do not have

a significant impact on the proximal pocket. It is important to
point out that the frequency of ν(Fe-Nhis) of DcpG is
somewhat higher than seen in many other heme-based sensor
proteins, which typically exhibit low Fe-Nhis stretching modes
occurring between 204 and ∼225 cm−1.74,75 Generally, such
increases in the ν(Fe-Nhis) stretching modes are attributable to
the presence of proximal pocket H-bond acceptor groups that
increase the basicity of the proximal histidine.76−78 Indeed,
such increases of the Fe-His bond strength may account for the
rapid dissociation of O2 and NO.79

Several other features in the low frequency region are worth
noting. First, several sensitive to out-of-plane heme distortion
are activated or change intensity upon mutation, (e.g., γ6, γ7,
and γ21). As reported earlier by Shelnutt’s group, various heme
deformation types were cataloged based on various heme
proteins using their NSD (normal-coordinate structure
decomposition) analysis.57,80,81 The appearance of relatively
strong heme out-of-plane modes of A2u symmetry, γ6 and γ7,
are consistent with an out-of-plane (doming) distortion of the
heme, as is typical of deoxy globins. It is also noted that the
intensity of Eg symmetry out-of-plane mode, γ21, is enhanced in
both H62A and R79A mutants, indicating the presence of a
waving distortion of the heme. This double degenerate normal
mode occurs at a relative higher frequency, thus requiring a
greater external perturbation upon the heme macrocycle. The
observation of these three enhanced modes of A2u and Eg
symmetry in both mutants is clearly indicative of non-planar
deformations of the heme, which is expected to result in
distinct alterations of the chemical and physical properties of
the enzyme.81 Additionally, the H62A and R79A mutations
cause an increase in the relative intensity of the 363 cm−1

bending mode of the propionate group, indicating a structural

Figure 3. rR spectra of ferrous DcpG in low (left panel) and high frequency (right panel) regions. (A) WT, (B) DcpG H62A, and (C) DcpG R79A
in the high frequency regions.
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reorientation and disrupted hydrogen bonding between
propionate groups and surrounding amino acid residues.
These data further support our hypothesis that structural
rearrangements within the heme pocket result in differences in
ligand-dependent activity between the variants.
SAXS and Negative Stain EM Analyses of DcpG

Heme-Edge Variants. To gain insights into the conforma-
tional changes that could be linked to the mutations, SAXS and
negative stain EM were used to probe the heme-edge variants
and compared to WT models (Figure 4A,B).21 The DcpG WT
was found to form a tight globin dimer with EAL active sites
dimerized for high activity. However, the GGDEF active sites
are not in close proximity, likely resulting in the observed low
DGC activity in the Fe(II)-O2 state.

21 The DcpG H62A SAXS
model found that the globin domains form a tight dimer;
however, the DGC and PDE domains are not associated in one
monomer, and the linker between the globin and GGDEF
domains is modeled in an extended conformation (Figure 4C
and Figure S7). In the second monomer, the DGC and PDE
domains form a tightly coupled structure interacting with the
globin domain and superposition shows that the domain
organization of the folded monomer is similar to that seen in
WT DcpG.20

The SAXS models of DcpG H62W and R79Q also show the
globin domains in a tight dimer, similar to the H62A mutant,
with the GGDEF and EAL domains in an extended
conformation in one monomer (Figure 4D). In the second
monomer, the quaternary structure is more folded with the
DGC and PDE domains closely interacting and facing their

active sites toward each other. The organization of the H62W
mutant is very similar to that seen for the R79Q mutant.
Superposition of the H62W/R79Q and H62A SAXS derived
structures shows that the extended monomer of H62W
exhibits interdomain rotation due to the flexible linker and
the folded monomers of H62W/R79Q have the globin and
GGDEF-EAL coupled unit oriented differently than in H62A
(Figure S7).
To investigate the differences between the variants, we

carried out negative stain EM studies on the proteins to obtain
greater structural detail (Figure 5 and Figure S8). We created
individual 3D reconstruction EM maps of both heme-edge
mutants from the single particle analysis of homogenously
dispersed protein particles (Figure S8). Surprisingly, DcpG
H62W produced two EM maps, indicating that this heme-edge
mutant has multiple conformations, class 1 and class 2 (Figure
5A,B), potentially due to increased flexibility between the
domain−domain interactions. DcpG R79Q only produced one
EM map (Figure 5C), indicating that this conformation is
more stable and lacks the flexibility compared to DcpG H62W.
Interestingly, the DcpG R79Q EM map has a more detailed
envelope than both DcpG H62W maps. The R79Q construct
also has a lower Porod volume as seen by SAXS analysis
compared to the H62W variant (Table S3). Therefore, this
heme-edge mutant could provide a promising route toward a
higher-resolution structure using cryo-EM due to its stability
and negative stain characteristics.
The conformational differences between DcpG H62W and

DcpG R79Q as well as the greater flexibility of H62W likely are

Figure 4. Heme-edge mutations cause domain reorientation. DcpG WT model from negative stain (A) EM and (B) SAXS.21 The models suggest
flexibility that allows the EAL domains to move toward and away from the globin domains. Domain colors are the same as in (C, D), with the
GGDEF active site motif highlighted in cyan. (C) The SAXS envelope shows that the globin domains of DcpG H62A form a tight dimer (blue and
red), with the GGDEF and EAL domains in an extended conformation in one monomer (shown in green and yellow, respectively). In the second
monomer the GGDEF and EAL domains form a tight heterodimer (shown in magenta and orange, respectively). (D) Based on the SAXS envelope,
the globin domains of DcpG R79Q form a tight dimer (blue and red), with the cyclase and phosphodiesterase domains in an extended
conformation in one monomer (shown in green and yellow, respectively). In the second monomer, the cyclase and phosphodiesterase domains
form a tight heterodimer (shown in magenta and orange, respectively). The SAXS-derived domain organization of the H62W mutant after Sreflex is
similar to that seen for the R79Q mutant. The extended monomer (red-green-yellow) shows a large interdomain re-organization compared to the
H62A mutant.
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correlated with the changes in enzymatic activity. The two
DGC domains are closer together in the R79Q protein, which
would allow the dimeric active site to form more readily and
result in the greater DGC activity. In contrast, conformation 1
(Figure 5A) of H62W appears to position the EAL domains in
proximity; although the active site resides within a single
protein, EAL domains typically exhibit greater PDE activity as
dimers. Therefore, H62W has a higher PDE activity. However,
higher resolution data is needed to provide exact details of the
conformations and its effect on the DGC and PDE enzyme
activities.

■ CONCLUSIONS
In conclusion, our work provides information about how
heme-edge residues can modulate the heme properties of an
unusual dual ligand-sensing heme protein, DcpG, that exhibits
rapid O2 and NO dissociation rates, and differential activation
of enzymatic domains, and heme-edge residues that can
modulate these characteristics. A histidine residue at the heme
edge modulates O2 dissociation rates, with mutation to
tryptophan or phenylalanine, resulting in slower dissociation
kinetics. Interactions between the histidine and heme may
affect heme electronics, resulting in the rapid ligand
dissociation rates observed for DcpG and HemAT-Bs.43

Mutation of the heme-edge residues resulted in conformational
rearrangements of the heme, particularly of the vinyl groups
and propionates, suggesting that the histidine and arginine
residues may be required for proper ligand-dependent
signaling. This work extends our understanding of the factors
controlling heme properties and provides new links between
heme-edge residues, heme conformation, and ligand-depend-
ent signaling.
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