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A B S T R A C T

Heme-based sensor proteins are used by organisms to control signaling and physiological effects in response to
their gaseous environment. Globin-coupled sensors (GCS) are oxygen-sensing proteins that are widely distributed
in bacteria. These proteins consist of a heme globin domain linked by a middle domain to various output do-
mains, including diguanylate cyclase domains, which are responsible for synthesizing c-di-GMP, a bacterial sec-
ond messenger crucial for regulating biofilm formation. To understand the roles of heme pocket residues in con-
trolling activity of the diguanylate cyclase domain, variants were characterized by enzyme kinetics and reso-
nance Raman spectroscopy. Results of these studies have identified roles for hydrogen bonding and heme edge
residues in modulating heme pocket conformation and flexibility. Better understanding of the ligand-dependent
GCS signaling mechanism and the residues involved may allow for future development of methods to control O2-
dependent c-di-GMP production.

1. Introduction

Heme sensor proteins are widely distributed in nature, from bacteria
to mammals, and are characterized by containing both a functional do-
main and a heme-containing sensor domain capable of binding di-
atomic gas molecules like O2, CO, and NO [1–3,4,5]. In general, binding
of these ligands to the heme induces conformational changes at the ac-
tive site, which are transmitted to the protein's functional domain,
thereby regulating physiological effects of various biological systems
[5–8]. Globin-coupled sensor (GCS) proteins are an important class of
heme-containing proteins proposed to serve as in vivo O2 sensors and
are predicted in the genomes of ~1000 bacterial species [9–12]. GCSs
consist of a N-terminal heme globin domain, linked by a variable mid-
dle domain to a variety of output domains, such as methyl accepting
chemotaxis proteins (MCP; involved in motility) [13–15], kinases
[16–18], diguanylate cyclases (DGC; synthesize cyclic di-GMP (c-di-
GMP), a bacterial second messenger) [19–23], phosphodiesterases (EAL

or HD-GYP; hydrolyze c-di-GMP) [24,25], and gene regulatory proteins
(Fig. 1A).

GCS proteins containing DGC output domains, characterized in E.
coli (EcDosC) [20,21,26,27], Pectobacterium carotovorum (PccGCS)
[19,28–31], and Shewanella species [22,32], among others [3,24,33],
play a pivotal role in regulating the intracellular concentration and sig-
naling of the second messenger c-di-GMP (Fig. 1B) [34]. DGC domains
(also termed GGDEF for the active site residues) cyclize two molecules
of guanosine triphosphate (GTP) to form c-di-GMP, as well as two mole-
cules of inorganic pyrophosphate (PPi) (Fig. 1C). As c-di-GMP regulates
many bacterial processes, including biofilm formation, motility, and
virulence [35–38], it is important to understand the mechanism by
which oxygen binding controls c-di-GMP production in GCSs. While
previous studies have demonstrated that ligand binding to the heme
modulates diguanylate cyclase activity within DGC-containing GCSs
[39,3,21,32,40,41], a major obstacle in understanding the regulatory
mechanism is the lack of comprehensive structural information for GCS
proteins and the differences observed for GCSs from different species.
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Fig. 1. PccGCS domain architecture (A.), diguanylate cyclase domain dimer
(PDB: 4URG; B.)34, catalyzed reaction (C.), and heme pocket residues under in-
vestigation (D.).

Consequently, identifying the roles of essential residues in the active
site, responsible for conformational change and signal transduction and
comparing between homologous GCS proteins is of interest, as the stud-
ies can provide new insights. Understanding the mechanism of signal-
ing events that lead to the activation or deactivation of these biological
process will allow us to understand how cells adapt to environmental
changes and potentially highlight methods to disrupt the signaling
mechanism.

Among the many diverse spectroscopic methods, resonance Raman
(rR) spectroscopy has proven itself to be a highly effective tool to detect
the structures of heme proteins and their intermediates [42]. This tech-
nique enables the selective amplification of heme vibrational modes by
tuning the excitation wavelength to closely match the heme absorption
bands [43,44]. Information on the oxidation and spin states of heme
iron is easily accessible through specific “marker modes” present in the
high wavenumber segment of the vibrational spectrum. The low
wavenumber segment offers valuable insights into the interactions be-
tween protein residues and the peripheral heme groups, such as the
vinyl and propionate substituents. This information is crucial for docu-
menting the interaction between these peripheral groups and the pro-
tein; it can elucidate the structural effects resulting from heme-ligand
binding, thereby dictating the heme's reactivity [45–47]. Significantly,

this method proves especially beneficial in studying the alterations in
the positioning of exogenous axial ligands due to substrate binding, as
well as in investigating variations within the active site environment.
This includes assessing changes in distal pocket polarity and steric in-
teractions that are introduced by the substrate or specific amino acid
residues [48].

In the present study, enzyme activity assays and rR spectroscopy are
used to probe the effects of key active site variants of the P. carovotorum
GCS (PccGCS) and the PccGCS heme domain (PccGlobin), as well as to
compare the full-length PccGCS to the isolated globin domain using CO
as a probe. The two distal pocket hydrogen bonding residues (Y57 and
S68) were chosen based on previous studies on the globin domains of
PccGCS and BpeGReg that identified both residues as important in stabi-
lizing O2 binding (Fig. 1D). In addition, distal pocket hydrogen bonding
residues have been demonstrated to be important in both ligand bind-
ing and output domain activation for other GCS proteins, such as those
from Escherichia coli (EcDosC) [40], Bacillus subtilis (HemAT-Bs) [14],
and Anaeromyxobacter sp. Fw109–5 (AfGcHK) [17]. Mutation of the
proximal histidine was performed to determine if the covalent linkage
between proximal ligand and the protein was required for stable O2
binding, while the Val122 position was investigated due to the van der
Waals contacts with the heme [49], suggesting that it may be involved
in tuning heme electronics.

Results from these studies have highlighted the importance of heme
pocket residues in modulating ligand-dependent cyclase domain activa-
tion, selectivity of ligand activation, and changes to heme conforma-
tion, hydrogen bonding, and electronics. Alterations observed in the
frequencies and intensities of modes related to the Fe-C-O fragment of-
fer valuable insights into the polarity of the distal pocket environment,
highlighting potential hydrogen-bond interactions with distal amino
acids, water molecules, or substrates. The results of these studies pro-
vide insights into how heme pocket hydrogen bonding interactions
modulate diguanylate cyclase domain activity within the GCS family,
which will allow for improved predictions of GCS functions in vivo.

2. Experimental

2.1. Protein expression

Site-directed mutagenesis was performed on a codon-optimized
gene encoding PccGCS or PccGlobin within a pET-20b vector [50]. Pro-
tein variants were generated by standard PCR protocol as previously
described [29]. Proteins, both full-length and globin domain (using a
plasmid encoding only the globin domain), were expressed in E. coli
Tuner (DE3) pLysS cells (Novagen) as previously described [28,29].
Briefly, cells were transformed with pET20b plasmids encoding each
protein via heat shock, then grown overnight on LB agar plates contain-
ing chloramphenicol (30 μg /mL) and ampicillin (100 μg /mL). Plates
were re-streaked and single colonies were selected and grown overnight
at 37 °C with shaking at 225 rpm in lysogeny broth (LB) medium with
appropriate antibiotics for selection. These overnight cultures were
then used to inoculate globin expression media (45 g yeast extract,
10 mL glycerol, 2.31 g anhydrous KH2PO4, 16.4 g anhydrous K2HPO4
per 1 L of ultrapure water). The inoculated cultures were incubated at
37 °C with shaking at 225 rpm until they reached an OD600 of 0.6–0.8.
At this point, the temperature was decreased to 25 °C and δ-aminole-
vulinic acid was added at a final concentration of 500 μM to each ex-
pression mixture. Cultures were incubated with shaking for 30 min, at
which point protein expression was induced by addition of 100 μM
IPTG for 6 h. Cells were then harvested by centrifugation (3500 xg,
4 °C, 20 min) and the resulting pellets were collected and stored at
−80 °C.
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2.2. Protein purification

Low imidazole buffer (50 mM Tris, 30 mM NaCl, 20 mM imidazole,
5% glycerol (v/v), pH 7.4) was used to resuspend cell pellets, which
were then lysed using a homogenizer (Avestin) or a sonicator (Qson-
ica), and partially purified by centrifugation (186,000 xg, 4 °C, 1 h).
The resulting supernatant was then loaded onto an equilibrated HisPur
Ni2+-column (Fisher Scientific) and washed with low imidazole buffer.
The protein was eluted using high imidazole buffer (50 mM Tris,
30 mM NaCl, 1 mM DTT, 250 mM imidazole, 5% glycerol (v/v),
pH 7.4) and, following elution, proteins were further purified and de-
salted with a S200 gel filtration column (50 mM Tris, 50 mM NaCl,
1 mM DTT, 5% glycerol (v/v), pH 7.0). Protein-containing fractions
were then concentrated by ultrafiltration (10 kDa MWCO filter, Milli-
pore), aliquoted, flash frozen in liquid nitrogen, and stored at −80 °C.
His-tags were not cleaved from the proteins as earlier studies [39]
found that removal of the affinity tag didn't change O2 dissociation
rates or enzyme kinetics. The molecular weight, including His-tag and
linker, of full-length PccGCS is 54.8 kDa and of PccGlobin is 21.5 kDa
(Fig. S1). All of the variants yielded stable protein that remained heme
bound through purification, thawing to perform kinetics/spectroscopy,
and during the assays.

2.3. Michaelis-Menten enzyme kinetics

Proteins were reduced and various protein ligand complexes were
formed prior to kinetic assays as previously described [39,51]. Ligation
states were verified for each protein via UV–vis spectroscopy prior to
each assay (Fig. S2) [52]. All Fe(II) and Fe(II)-NO kinetic rates were
measured in an anaerobic chamber (Coy) using a Biotek Epoch2 plate
reader within the anaerobic chamber, anaerobic buffers, and an En-
zChek kit that was prepared and stored on a chilling block within the
anaerobic chamber. In order to measure the rates of DGC output from
the DGC-GCS proteins, the EnzChek pyrophosphate kit (Life Technolo-
gies) was used according to the manufacturer's instructions, the excep-
tion being that a phosphodiesterase (PDE) EcDosP was added in 3-M ex-
cess to eliminate product inhibition [53] and the reactions were initi-
ated by the addition of varying concentrations of GTP. Assays were per-
formed in triplicate in 96-well plates with 4 protein concentrations (0,
0.5, 1, and 2 μM) and 4 GTP concentrations (0, 100, 250, and 1000 μM)
and were monitored using an Epoch or Epoch2 plate reader and Gen5
software (Biotek) and repeated at least twice to account for day-to-day
variability.

2.4. Stopped-flow kinetics

O2 dissociation rates were performed as previously described
[29,54]. Briefly, all proteins were reduced with dithionite in an anaero-
bic chamber (Coy), desalted into anaerobic Buffer A (50 mM Tris,
50 mM NaCl, pH 7.0), and then mixed with O2 saturated Buffer A to
yield final concentrations of 5–10 μM. Protein samples were rapidly
mixed with a solution of sodium dithionite in Buffer A (final dithionite
concentration = 5 mM; dithionite concentration of 0.5 mM also was
tested and dithionite concentration was found to not affect the O2 disso-
ciation rate) in an SX20 stopped flow apparatus. The dissociation of O2
performed at 25 °C was monitored using the SX20 stopped flow
equipped with a diode array detector and temperature-controlled bath
and fit globally using Pro-KII software (Applied Photophysics). Addi-
tional fitting analysis was performed using Igor Pro (Wavemetrics).

2.5. Resonance Raman sample preparation

Samples of the GCS proteins, produced through the procedures de-
scribed above, were prepared for resonance Raman (rR) spectroscopy
measurements. To prepare the deoxygenated samples, PccGCS WT (full-

length) and PccGlobin (only globin domain) WT, Y57F, S82A and
V122Y (~100 μL of 120 μM) were placed in NMR tubes (WG-5 M-
ECONOMY-7, Wilmad Glass Co., Beuna, NJ), connected to a vacuum
line and degassed followed by saturation with argon gas. This proce-
dure was repeated twice. Sufficient dithionite solution was added to
fully reduce the samples, the formation of ferrous form was confirmed
by monitoring the Q region of electronic absorption spectrum, using a
device (ISS-2 integrated sampling system, Ocean Optics Inc) that can
measure spectra for the NMR tubes connected to vacuum line. The car-
bon monoxide complexes of the ferrous PccGCS heme domain, includ-
ing both the wild type and variants, were generated using the CO lig-
and. Specifically, 100 μL of 150 mM PccGCS (heme domain) samples of
the wild type and the variants, as well as the full length of PccGCS wild
type, were transferred into NMR tubes, then sealed with a rubber sep-
tum. The CO gas was introduced to the solution using a long needle for
20 min to remove oxygen. Then samples were reduced with a 2-fold ex-
cess of degassed sodium dithionite solution and CO gas was further bub-
bled for an additional 10 min before measuring the rR spectra.

2.6. Resonance Raman measurements

Resonance Raman (rR) spectroscopy was employed to analyze alter-
ations in heme conformation and properties in PccGCS WT and PccGlo-
bin WT, Y57F, S82A and V122Y. The rR spectra of ferrous samples were
measured with 441.6 nm excitation line from a He Cd laser (1 K Se-
ries He Cd laser, Kimmon Koha., Ltd), while the ferrous CO adducts
were measured with the 413.1 nm excitation line, which is from a
Kr + laser (Coherent Innova Sabre Ion Laser). All spectra were mea-
sured using a Spex 1269 spectrometer equipped with a Spec-10 LN liq-
uid nitrogen-cooled detector (Princeton Instruments, NJ). For data col-
lection, backscattering (180°) geometry was utilized, and the laser
beam was focused by a cylindrical lens to create a line image on the
sample, reducing the risk of heating and minimizing photodissociation.
The laser power incident on the ferrous samples was maintained at
~10 mW, while being adjusted to 1 mW or less on the ferrous-CO sam-
ples. The slit width was 150 μm and the 1200 g/mm grating was used
for measurements. Spectra were calibrated with data acquired for fen-
chone and processed with Grams/32 AI software (Galactic Industries,
Salem, NH).

3. Results and discussion

Previous work has established that DGC-GCS proteins, including
PccGCS, can serve as O2 sensors, with O2 binding resulting in increased
cyclase activity [20,50,53,56]. Therefore, the O2 dissociation rates of
PccGCS variants were obtained to link the roles of heme pocket residues
in signaling to their roles in O2 binding (Fig. 1, Table 1). Both Tyr57
[29] and His112 are required for stable O2 binding, as the Y57F and
H112G variants rapidly autoxidize under aerobic conditions. The distal
tyrosine and serine residues have been implicated as hydrogen bond
donors in PccGlobin and BpeGlobin, the globin domain from the DGC-
GCS from Bordatella pertussis [52]. Specifically, the distal tyrosine
serves as the primary hydrogen bond donor and has been demonstrated

Table 1
Oxygen Dissociation Rates. Errors for each rate are <5%. The two rates (k1
and k2) are calculated using a two exponential fit and are due to different
conformations of the heme pocket.49, 55 Representative traces and fits are
shown in Fig. S3.
Protein k1 (s−1) k2 (s−1) % k1 % k2

PccGCS39 0.56 3.87 56 44
PccGCS(Y57F) N.A. N.A. N.A N.A.
PccGCS(S82A) 1.04 ± 0.03 5.89 ± 0.11 39 ± 2 61 ± 2
PccGCS(H112G) N.A. N.A. N.A N.A.
PccGCS(V122Y) 0.70 ± 0.01 4.40 ± 0.03 65 ± 2 35 ± 2
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to be essential for stabilizing bound O2. Mutating this primary H-
bonding donor, Tyr57, to phenylalanine results in immediate autoxida-
tion upon exposure to O. In contrast, the full-length PccGCS S82A vari-
ant exhibits a slight increase in O2 dissociation rates. This observation is
in agreement with previous work on isolated globin domain variants
and confirms the role of the serine -OH fragment in stabilizing bound
O2 [29]. A heme edge residue, V122, was also mutated as this position
corresponds to a tyrosine in the GCSs from B. subtilis (HemAT-Bs;
methyl accepting chemotaxis protein output domain) [13,14] and P.
dendritiformis (DcpG; tandem DGC and c-di-GMP phosphodiesterase
output domains) [24,33], both of which exhibit weak O2 affinity and
rapid O2 dissociation. However, the PccGCS V122Y variant did not ex-
hibit significant differences in O2 dissociation rates as compared to WT.

In order to test the roles of heme pocket residues in DGC activation,
enzyme kinetic assays were performed on PccGCS WT and full-length
variants in the unbound (Fe(II)), ferrous-oxy (Fe(II)-O2), and ferrous-
nitric oxide (Fe(II)-NO) forms. The Fe(II)-NO kinetics were performed
for PccGSC wild-type and all variants to allow for comparison with vari-
ants that do not stably bind O2 (PccGCS Y57F and H112G) and therefore
do not allow for measurement of O2-dependent changes in cyclase ac-
tivity. The PccGCS diguanylate cyclase kinetic parameters are shown in
Table 2 and representative Michaelis-Menten plots in Fig. S3. PccGCS
WT was assayed alongside all of variants as a control; PccGCS WT KM
and kcat values were the same as previously reported [29,50]. Surpris-
ingly, neither of the mutations to the distal H-bonding residues (Y57F
and S82A) had a strong effect on the DGC kcat and DGC fold activation
(kcat Fe(II)-O2/kcat Fe(II) for S82A; kcat Fe(II)-NO/kcat Fe(II) for Y57; Fig.
2). For both variants, the performance was nearly the same as that of
PccGCS WT. However, the KM for both variants increased compared to
WT, suggesting that that the distal pocket hydrogen bonding residues
are important transmitting conformational changes that stabilize GTP
and O2 binding but play little role in DGC turnover. The S82 residue
also plays a role in selectivity of ligand-dependent activation of PccGCS,
as the S82A variant no longer responds to NO binding. The mutation
doesn't introduce any instability to the protein or the Fe(II)-NO com-
plex, suggesting that the effects are due to interactions within the
pocket. The dramatic effect of the S82A mutation on NO-dependent ac-
tivation suggests that Ser82 provides the primary hydrogen bond to
bound NO, either directly or through the distal pocket water [49,52].
This hydrogen bonding pattern would be analogous to one of the
“closed” hydrogen bonding conformations observed in Fe(II)-O2
HemAT-Bs globin [55]. The E. coli GCS, EcDosC, only has the hydrogen
bonding tyrosine (alanine is found in the analogous position of S82)
and catalytic activity is also insensitive to NO binding [40], supporting
our hypothesis that NO recognition requires a hydrogen bond between
the secondary distal pocket hydrogen bond donor and the bound NO.
(See Table 3.)

The V122Y variant yields negligible changes in kcat values for all
three ligation states, as shown in the Michaelis-Menten enzyme kinetic
curves in Fig. S4. However, similar to the hydrogen bonding residue
variants, has a larger KM value in the Fe(II)-O2 ligation state, resulting
in lower catalytic efficiency. The H112G variant is unable to stably bind
O2 and we were unable to generate the Fe(II) unligated state of the
H112G variant due to a persistent bis-imidazole ligation state (imida-

zole must be included in purification buffer to retain the heme). How-
ever, the Fe(II)-NO state exhibited decreased activity
(kcat = 0.34 min−1), suggesting a possible role for the His-Fe linkage
and changes in proximal helix conformation in cyclase activation.

3.1. Comparison of PccGCS full-length structure and globin domain in
ferrous states, using resonance Raman spectra

To determine the effects of the middle and DGC domains on globin
domain conformation, rR spectra were obtained for ferrous unligated
PccGCS (the full-length protein) and the isolated globin domain,
PccGlobin, respectively (Fig. 3). As shown in Fig. 3A (right panel), the
high-frequency rR spectrum of WT PccGCS confirms the presence of a
pure ferrous form, where the oxidation state marker appears at
1354 cm−1. The spin state markers, ν3, ν2 and ν10 modes, are observed at
1473, 1570 and 1612 cm−1, respectively, indicating a pure five-
coordinated high spin species (5cHS). The mode occurring at
1623 cm−1 is most reasonably assigned as the vinyl ν(C=C) mode. In-
terestingly, the isolated globin PccGCS exhibits a similar spectral pat-
tern similar to that of the full-length proteins, with the band markers
characteristic of a 5-coordinate high-spin (5cHS) species., i.e., the ν3, ν2
and ν10 modes occur at 1473, 1567 and 1612 cm−1. Noting that a rela-
tively intense vinyl C C stretching mode occurs at 1619 cm−1, indi-
cating a nearly planar orientation relative to the pyrrole rings, implying
enhanced conjugation.

The low-frequency region of rR spectra can offer valuable insights
into the bending motions of heme peripheral groups, out-of-plane
modes resulting from heme macrocycle distortions, and particularly de-
tailed information about H-bonding interactions between bound sensor
diatomic molecules and distal pocket H-bond donor residues
[48,55,57–59]. Specifically, the propionate groups typically exhibit
their vibrational modes in the ~360–380 cm−1 range, giving insights
into their interactions with the protein. These interactions mainly in-
volve hydrogen bonding and salt bridge interactions with surrounding
amino acid residues, resulting in rR shifts to higher wavenumbers
[60,61]. The bending modes of vinyl groups are typically observed
within the 400–440 cm−1 region, with the lower wavenumber mode
(around 410 cm−1) corresponding to the in-plane orientation, while the
higher wavenumber mode (approximately 440 cm−1) is associated with
an out-of-plane distortion [47,62].

Focusing on the low frequency rR spectrum of full length PccGCS
Fig. 3A (left panel), the assigned heme skeletal modes for WT PccGCS
are observed; ν7 (670 cm−1), ν15 (754 cm−1), and ν8 (340 cm−1). The
propionate modes are observed at 363 and 377 cm−1, and the vinyl
mode is at 410 cm−1. The observation of prominent out-of-plane (OOP)
modes at 305, ~487, 545, and 714 cm−1, corresponding to the γ7, γ12,
γ21, and γ15 modes, respectively, indicates the characteristic “doming”
OOP distortion of the heme macrocycle. This distortion is typically ob-
served in deoxy globins, showcasing the manifestation of these modes
as a hallmark feature [63]. The ν(Fe-NHis) for ferrous histidyl-ligated
heme is typically observed in the 200 to 230 cm−1 spectral region
[64,65]. The 229 cm−1 feature present in ferrous PccGCS samples sug-
gests an iron histidine vibrational mode in this region and is found at
the same wavenumber as for the P. dendritiformis GCS, DcpG [33]. It is

Table 2
PccGCS diguanylate cyclase kinetic parameters.

Fe(II) Fe(II)-O2 Fe(II)-NO

Protein kcat
(min−1)

KM
(μM)

kcat/ KM
(M•min)−1

kcat
(min−1)

KM
(μM)

kcat/ KM
(M•min)−1

kcat
(min−1)

KM
(μM)

kcat/ KM
(M•min)−1

WT39 0.29 ± 0.01 62 ± 3 4677 0.73 ± 0.01 31 ± 6 23,548 0.51 ± 0.01 32 ± 5 15,938
Y57F 0.25 ± 0.01 85 ± 16 2941 N.A N.A. N.A. 0.42 ± 0.01 61 ± 9 6885
S82A 0.21 ± 0.01 145 ± 15 1448 0.52 ± 0.01 73 ± 4 7123 0.17 ± 0.05 105 ± 8 1619
H112G N.A. N.A. N.A. N.A N.A. N.A. 0.34 ± 0.05 127 ± 24 2677
V122Y 0.23 ± 0.01 69 ± 8 3333 0.81 ± 0.2 121 ± 21 6694 0.61 ± 0.01 36 ± 12 16,944
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Fig. 2. Ligand-dependent fold activation on catalytic efficiency (kcat/Km; A.)
and kcat (B.). Solid bars correspond to activation upon O2 binding, cross-
hatched bars correspond to activation upon NO binding. Dashed horizontal
lines correspond to no change in enzyme kinetics upon heme ligand binding
(fold change = 1). NA, not applicable.

Table 3
The wavenumbers of ν(Fe C) and ν(C O) stretching modes for wild-type
and PccGCS globin domains, and for their variants. The numbers in the final
two columns represent the points shown in Fig. 6.
Myoglobin variants and other sensor proteins ν(Fe C) ν(C O) Ref

FixLN CO 502 1956 [81,82]
HemAT-Bs 495 1966 [58,83]
CooA 487 1982 [84,85]
sGC 473 1985 [86,87]
sGC + YC-1 487 1969 [87]
Tt HNOX 490 1989 [88,89]
Tt HNOX+ YC1 489 1987 [89]
Vc HNOX 491 1985 [88,89]
NosP from LPG 496 1959 [71]
WT Mb 508 1941 [90]
Mb H64L 490 1968 [91]
Mb H64I 490 1968 [91]
Mb V68N 527 1922 [92]
Mb H64V/V68T 478 1983 [92]
PccGCS and variants ν(Fe C) ν(C O)
PccGCS FL 497 1955 This work
PccGlobin 496 1956 This work
PccGCS Y57F 504 1951 This work
PccGCS S82A 497 1952 This work
PccGCS V122Y 499 1958 This work

notable that wavenumber of proximal ν(Fe-Nhis) mode reflects its de-
pendency on various factors. These include the H-bonding to the proxi-
mal histidine Nd hydrogen, the effect of strain from the protein on the
Fe-Nhis bond, and geometry of bound imidazole [66].

As depicted in Fig. 3B, the ferrous state rR spectra of PccGlobin
shows a ν(Fe-His) modes at 225 cm−1, displaying a 4 cm−1 downshift
wavenumber compared to the wild-type. This implies a potential weak-
ening of the proximal heme Fe-NHis linkage, possibly due to overall con-
formational changes, resulting in a more labile Fe-NHis bond. For exam-
ple, Cytochrome c peroxidase exhibits a notably higher Fe-NHis stretch-
ing mode at 245 cm−1, attributed to the strong hydrogen bond between
the axial His and the nearby Asp235 residue. Therefore, the observed
downshift in Fe-NHis for the globin domain PccGCS suggests that the
proximal histidyl fragment might adopt a less hydrogen-bonded form.
Similarly, a shift in the proximal Fe-Histidine bond was observed when
soluble guanylate cyclase (sGC) was truncated to the β(1–194) domain.
The rR spectra indicate that ν(Fe-Nhis) increases from 204 to 208 cm−1,
highlighting the importance of associated signaling components, such
as methyl-accepting chemotaxis domains or diguanylate cyclase, in reg-
ulating signaling pathways [67–69].

Interestingly, the heme skeletal, out-of-plane modes, and vinyl
bending modes do not significantly change when the globin domain is
isolated. However, in the propionate bending mode region, while the
prominent mode at 363 cm−1 observed in full-length PccGCS does not
show significant change (365 cm−1 in PccGlobin), the higher frequency
mode at 377 cm−1 disappears. This implies that hydrogen bonding to
the propionate groups is significantly weakened in the globin domain
PccGCS. Overall, the isolation of the ferrous unligated PccGCS globin
domain results in a more flexible conformation in the active site.

3.2. Comparison of PccGCS heme domains wild-type and the variants in the
ferrous-unligated states

Considering the important role of heme pocket residues in DGC acti-
vation, rR spectroscopy was used to characterize the structural changes
in the active site of PccGlobin Y57, S82, and V122 variants. The ferrous
PccGCS Y57F variant exhibits the two oxidation state marker bands, ν4,
at 1354 cm−1 and a small shoulder of peak at 1374 cm−1 in the high fre-
quency region (Fig. 4B, right panel), indicating that the protein is in a
mixture of both ferrous and ferric state;

Similarly, two ν3 modes, observed at 1473 cm−1 and 1498 cm−1,
show that the PccGlobin Y57F exists in equilibrium between five-
coordinated high spin and six-coordinated low spin forms, respectively.
The relative intensity of the high spin ν3 (1473 cm−1) band is larger
compared to the low spin ν3 (1498 cm−1) mode, indicating higher popu-
lation of high spin component. This spin state mixture is also reflected
by alterations in the ν2 and ν10 bands; i.e., the ν 2 bands occur at
1567 cm−1 and 1590 cm−1, the ν 10 bands occur at 1612 cm−1 and
1632 cm−1. The mode occurring at 1618 cm−1 is most reasonably as-
signed as the vinyl ν(C=C) mode. The rR spectrum obtained here is
consistent with previous kinetic studies, which show that the addition
of O2, either through exposure to pure O2 gas or the addition of aerated
buffer, results in rapid auto-oxidation of the heme in the Y57F variant.
The failure of oxygen binding prevents the measurement of the O2 dis-
sociation rate and O2-dependent changes in cyclase activity. It is impor-
tant to emphasize that it is unlikely that rR spectroscopy could detect a
ferrous oxy species for this specific mutant. The generation of a mixture
of ferric and ferrous species due to rapid auto-oxidation under aerobic
conditions in this mutant further confirms the key role of Tyr57 in sta-
ble oxygen binding.

In contrast, mutating the distal site S82 residue to alanine does not
induce any significant changes compared to the wild-type PccGlobin, as
seen in Fig. 4C (right panel); the rR spectrum exhibits characteristics of
a 5cHS species, i.e., the ν3, ν2 and ν10 modes occur at 1473, 1567 and
1612 cm−1. It is noted that the vinyl stretching mode is observed at
1618 cm−1, quite similar to that of the WT protein. Interestingly, the rR
spectrum of ferrous V122Y (Fig. 4D, right panel) exhibits the same
heme markers as the wild-type and is assigned to the ferrous 5cHS
species. In summary, these resonance Raman (rR) studies of the ferrous
states suggest very small changes in the heme skeletal structure for
these variants, findings that are in good agreement with kinetic studies.
This is reflected in their similar kcat and DGC fold activation compared
to the wild-type proteins.

Turning attention to the low frequency rR spectra of these PccGlobin
variants, as shown in Fig. 5B left panels, comparing to the wild-type
PccGlobin, the Y57F variant does not induce significant changes in the
active site pocket, exhibiting a spectrum pattern similar to that of the
wild-type PccGCS. The assigned heme skeletal modes in Y57F variant
are ν7 (672 cm−1), ν15 (754 cm−1) and ν8 (340 cm−1). According to the
complete assignment of other heme proteins [63,70–73], the bands ob-
served at 363 and 377 cm−1 is assigned to the bending modes of the
heme propionate groups, which the lower frequency indicating the dis-
rupted H-bonding interaction with surrounding amino acid residues.
The band at 412 cm−1 is assigned to the bending mode of the vinyl
groups. Again, these distinct out-of-plane bending modes observed at
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Fig. 3. rR spectra of deoxy PccGCS. The rR spectra of deoxy PccGCS (A), PccGCS Globin domain (B). Spectra were obtained using 441.6 nm excitation line. The left
panel is in low frequency region, while the right panel is for high frequency. It is noted that the key ν (Fe-Nhis) mode of PccGCS WT appearing near 229 cm−1 is
wide and asymmetric, requiring application of the deconvolution procedures. The deconvoluted spectrum, shown in Fig. S5, helps identify the position of the Fe-
Histidine band. Additionally, the mid-frequency spectra are presented in Fig. S6. These spectra exhibit no characteristic bands of sodium dithionite, confirming the
absence of excess reducing agent that could disturb the spectra.

305 cm−1 (γ7), 487 cm−1 (γ12), 545 cm−1 (γ21), and 715 cm−1 (γ15), fea-
tures characteristic of a doomed heme, similar to the wild-type PccGlo-
bin. However, it is worth noting that the ν(Fe-Nhis) mode experiences a
subtle downshift of 2 cm−1, indicating that the mutation at Tyr57
slightly weakens the Fe-Nhis bond on the proximal side, showing less
strain from the protein on the Fe-Nhis bond as a result of the overall con-
formational change. The PccGlobin Y57F ν(Fe-Nhis) mode is more simi-
lar to that of the E. coli GCS (DosC or YddV) [40], which is found at
227 cm−1 and B. subtilis (HemAT-Bs, 225 cm−1) [59] both of which ex-
hibit weaker O2 affinity, as compared to PccGCS. These rR data indicate
that the distal pocket hydrogen-bonding residue Y57 slightly changes
the overall conformation but plays a minor role in alterations to the
geometry of the heme. It is proposed that the disrupted hydrogen-bond
network in the distal pocket is physiologically relevant in lowering the
oxygen affinity of globin PccGCS and, therefore, stabilizing the ferrous,
active form of the enzyme under aerobic conditions.

The ferrous state rR spectra of S82A variant (5B, left panel) reveals a
3 cm−1 downshift of the ν(Fe-NHis) stretching wavenumber, relative to
the WT ν(Fe-His) mode at 229 cm−1 for WT. This observation is quite
similar to the Y57F variant, again suggesting a more labile Fe-Nhis bond,
possibly caused by a conformational change. However, the mutation
does not induce appreciably shift in frequencies of heme skeletal modes
or the intensities of out-of-plane modes, as well as the vinyl bending
mode (410 cm−1 in wild-type vs. 412 cm−1 in S82A mutant). Both pro-
teins' vinyl groups maintain a more in-plane orientation, suggesting en-
hanced conjugation. Significantly, in the propionate bending mode re-
gion, the prominent mode at 363 cm−1 remains unaltered, while the
higher frequency mode (377 cm−1) disappeared, implying that hydro-
gen bonding to the propionate groups is significantly weakened in the
S82A variant. Overall, these data indicate that ligand-dependent heme
propionate movement, caused by the disruption of H bonding between
Ser82 and O2, could induce larger conformational changes in the heme
active site. These changes propagate to the signaling domain through
the linker region, thereby impacting the catalytic efficiency and behav-
ior of the enzyme. These results further support a role for Ser82 in sens-
ing O2 binding and align with the enzyme kinetics data, which suggest

that the distal hydrogen bonding network is necessary for ligand-
dependent DGC activity.

Of most interest in present work is the V122Y variant. As shown in
Fig. 5D (left panel), there are no significant differences in alterations to
the geometry of heme peripheral groups or activation of out-of-plane
modes that would reflect varying degrees of heme ruffling, which are
within expectations as the V122 position does not directly interacts
with the bound ligand in crystal structures of other sensor globins [30].
However, it is within Van der Waals contact the heme, it is quite inter-
esting to see the Fe-Nhis mode in deoxy V122Y PccGCS was significantly
shifted down by 7 cm−1, compared to where it was for the wild-type.
This notable change in the vibrational frequency of the Fe-Nhis mode
suggests that less strain is being imposed on the Fe-Nhis bond or less H-
bonded to either a nearby proximal residue, a carbonyl group of the
protein backbone, or water. These conformational changes detected by
the rR data sufficiently explain the significantly larger Km values in Fe
(II)-O2 states observed in the kinetic studies, resulting in lower catalytic
efficiency. This suggests that even subtle conformational changes in the
proximal pocket can lead to significant changes in enzyme functional-
ity.

3.3. Fe − CO and CO stretching vibrations of PccGCS and heme domains Fe
(II)-CO complexes

The CO adducts of heme proteins serve as valuable tools for examin-
ing the surrounding protein environment due to their chemical stability
and the established correlation between their spectra and structure
[74]. The CO ligand, with its vacant π* orbital, forms a linear adduct,
facilitating dπ-π* overlap in perpendicular directions and thus enhanc-
ing backbonding interactions [75]. As a result, the observable ν(Fe C)
and ν(C O) stretching modes of the Fe-C-O fragment offer insightful
data on steric hindrance and hydrogen-bonding interactions affecting
the Fe-C-O fragment, either by the substrate or by amino acids within
the active site [76,77]. Therefore, the rR studies of ferrous CO PccGlo-
bin adducts were employed to investigate the impact of key mutations
in the distal pocket on the electronic properties of heme-ligand binding.
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Fig. 4. rR spectra of deoxy PccGCS. The rR spectra of PccGCS Globin domain (A), PccGlobin S82A (B). PccGlobin Y57F (C) and PccGlobin V122Y (D). Spectra were
obtained using 441.6 nm excitation line. The left panel is in low-frequency region, while the right panel is for high frequency. Additionally, the mid-frequency
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Fig. 4.—continued
spectra are shown in Fig. S6. These spectra exhibit no characteristic bands of sodium dithionite, confirming the absence of excess reducing agent that could disturb
the spectra.
◀

Fig. 5. The rR spectra of ferrous-CO adducts of wild-type PccGCS and their
variants. The low wavenumber spectra are shown in the left-hand panels, and
the high-wavenumber spectra include the C O stretching mode in the right-
hand panels. (A) wild-type PccGCS, (B) Wild-type PccGlobin. (C) PccGlobin
Y57F variant (D) PccGlobin S82A variant and (E) PccGlobin V122Y variant.

The low-wavenumber rR spectra of the ferrous-CO adduct of wild-
type PccGCS is shown in Fig. 5 (Trace A, left panel). The most intense
band in this region, besides the ν7 mode, is the ν(Fe C) band seen at
497 cm−1. In accordance with earlier work performed, including 13CO
labeling, the band at 558 cm−1 is assigned to the δ(Fe-C-O) bending
mode, with the corresponding ν(C O) mode occurring at 1955 cm−1,
as shown in Fig. 5 (Trace A, right panel). A similar spectral pattern is
seen in the low-wavenumber region of the rR spectra of wild-type
PccGlobin (Fig. 5, trace B), where the ν(Fe C) stretching mode occurs
at 496 and the ν(C O) mode at 1956 cm−1. It is notable that these val-
ues are quite similar to the full length PccGCS (i.e., 497/1955 cm−1), in-
dicating that the active site in both forms exhibits similar polarity.

Fig. 5C-E shows the rR spectra of the ferrous-CO adduct of the
PccGlobin variant in both the low-wavenumber (left panel) and the
high-wavenumber regions (right panel). It is important to note that
these mutations have no impact on the heme core modes, including the

propionate modes and the orientation of the vinyl modes (Fig. 5, left
panel). In addition, all these samples exhibit a 6-coordinated low spin
species, with the ν4, ν3, and ν2 modes occurring at 1371, 1496 and
1580 cm−1, respectively, as shown in the Fig. S7, consistent with previ-
ously published data for other heme proteins [78,79]. The absence of a
band at 1358 cm−1, a marker band for unligated ferrous heme, con-
firms that the spectra are free from contamination by modes of photo-
dissociated species.

Specifically, attention is focused on changes in the ν(Fe-CO) and ν
(C O) modes upon these key residues that were mutated. In particu-
lar, the PccGlobin Y57F ferrous-CO adduct (Fig. 5, trace C) exhibits a
single ν(Fe-CO) stretching mode at 504 cm−1, which is an increase of
8 cm−1 compared to the wild-type PccGlobin. The corresponding ν
(C O) mode is observed at 1951 cm−1, which is 4 wavenumbers lower
in frequency relative to the wild-type protein [ν(C O) =1955 cm−1].
This is quite interesting; previous studies on myoglobin variants
showed that replacing the distal histidine residue with a nonpolar
residue, which cannot form H-bonding contacts with the bound CO,
leads to a decreased ν(Fe C) but an increased C O stretching mode.
Our observation is the opposite of the trends seen in myoglobin, sug-
gesting the possibility that Tyr57 may not directly form an H-bond with
the CO ligand in the native PccGlobin protein, possibly mediated by a
water molecule. Alternatively, the substitution of tyrosine residues with
phenylalanine may have induced a conformational change in the over-
all structure, could cause rearrangement of the heme active site. This al-
teration could introduce a positive dipole, consequently lowering the
C O stretching mode while strengthening the Fe C mode. It is im-
portant to emphasize that a decrease in C O stretching modes is also
observed in the Tt H-NOX Y140F and Y140L variant, but the shift is
much larger (30–60 wavenumber downshift) [80]. This is because the
removal of the Tyr140 residue results in the abolishment of negative
polarity in the active site. It has been proposed that the distal pocket
contains a localized negative polarity with the oxygen from Tyr-140 di-
rectly above the CO ligand, leading to unusually high C O wavenum-
bers (~1990 cm−1). Considering the C O frequencies we observed in
PccGlobin are in the range of other sensor proteins [33,57,65,71], it is
unlikely that Tyr57 generates the negative dipole in the active site like
Tyr140 does in Tt H-NOX. These results again support the enzyme ki-
netics data that suggest that the Y57F mutation does not induce signifi-
cant change for DGC activation.

To better understand the role of the distal H-bonding Ser-82 residue
in PccGlobin, the S82A variant CO complex was prepared and analyzed
by rR spectroscopy. As shown in Fig. 5D, a single ν(Fe-CO) stretching
mode occurs at 497 cm−1, with the corresponding ν(C O) mode being
seen at 1952 cm−1. The mutation has no impact on either the Fe C
frequency associated with the Fe-CO fragments or on the heme defor-
mation modes compared to the native protein. This is consistent with
the kinetic data that shows S82A plays a minor role in ligand DGC acti-
vation and fold activation. However, The C O frequency exhibits a
4 cm−1 downshift, possibly resulting from the disrupted H-bonding net-
work in the active site. These data indicate that mutations to the Ser 82
residue change the distal polarity, suggesting the role for Ser-82 in sta-
bilizing the exogenous ligand. Fig. 5E exhibit the rR spectra of the Fe-
CO complex in PccGlobin V122Y variant, the ν(Fe-CO) stretching mode
was observed at 499 cm−1 and ν(C O) mode occurs at 1958 cm−1. It is
not surprising that mutating the Val122 residue to tyrosine would cause
significant structural rearrangements in the active site, as reflected in
the slight variations of these frequencies.

The wavenumbers of the ν(Fe C) and ν(C O) stretching modes
for the ferrous-CO adducts of all PccGlobin variants studied here are
collated in Table 2. The resulting plot of ν(Fe C) versus ν(C O) val-
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Fig. 6. Diagrams showing the inverse correlation for wild type PccGCS, PccGlobin and for their variants. The numbers represent proteins listed in Table 2. The blue
circles show points for myoglobin and other sensor proteins, the red circle show points for the PccGlobin proteins. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

ues yields the anticipated inverse correlation (Fig. 6), fitting well with
the line plotted for histidine-ligated 6-coordinate CO complexes
[48,75]. This finding aligns with similar correlations observed in previ-
ously reported studies of myoglobin and other sensor proteins, further
substantiating the consistency of this relationship across different heme
proteins [74]. It is widely accepted that such correlations are primarily
influenced by the polarity of the distal pocket. Positive electrostatic po-
tentials, which are often associated with hydrogen bonding, shift the
data points to the upper left, indicating enhanced Fe dπ → π(CO) back-
bonding.

Taking the examples of myoglobin and its variants, the wild-type
Mb features a distal histidine residue (H64), which engages in a weak
H-bond interaction with the bound CO, resulting in a point situated
midway up the backbonding line (CO = 1945 cm−1) [93]. However,
when H64 is substituted with a hydrophobic residue, the point shifts
downward along the line (CO ~1960 cm−1), suggesting a diminished
polarization [77]. Conversely, distal residues that facilitate stronger H-
bond interactions or possess a positive dipole are positioned higher on
the line, as demonstrated by the myoglobin V68N variant [94].

Shifting our focus back to the PccGCS proteins, it is noticed that the
wild-type PccGCS in both full length and isolated domain located mid-
way of the line between these points, but are most closely to the FixL,
an oxygen sensor protein possesses a relatively polar environment with
distal residues (Tyr and Arg, respectively) that hydrogen bond to the co-
ordinated gas molecule [95–97]. The data points for these globin do-
main variants hold the positions between the wild-type myoglobin and
the H64L variants with hydrophobic replacements of the distal histi-
dine, indicating a less polar active site environment.

4. Conclusion

In conclusion, our spectroscopic data provide valuable insights into
the roles of key residues in the active site. These studies highlight the
importance of distal pocket hydrogen bonding residues in modulating
O2 binding and heme pocket electronics. In addition, this work demon-
strates that the second distal pocket hydrogen bonding residue, S82, is
necessary for PccGCS to respond to NO binding and activate diguany-
late cyclase activity. By controlling ligand binding properties and en-
zyme activities, the distal pocket residues dictate transmission of the O2
binding signal within GCS proteins and to downstream signaling part-
ners. Understanding the role of each heme pocket residue will allow for

protein sequence to provide improved prediction of sensor globin char-
acteristics and GCS function.
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