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Abstract

Aims: Structural and functional characterization of the globin coupled sensors (GCS) of
Azotobacter vinelandii (AvGReg) and Bordetella pertussis (BpeGReg).

Results: UV/Vis and RR spectroscopies confirm the presence in AvGReg and BpeGReg of a
globin domain capable of reversible gaseous ligand binding. In AvGReg an influence of the
transmitter domain on the heme proximal region of the globin domain can be seen, and
k'co is higher than for other GCSs. The O, binding kinetics suggest the presence of an open
and a closed conformation. As for BpeGReg, the fully oxygenated AvGReg show a very high
DGC activity. The CO rebinding to BpeGReg indicates that intra- and intermolecular
interactions influence the ligand binding. The globin domains of both proteins (AvGReg-Gb
and BpeGReg-Gb*) share the same GCS fold, a similar proximal but a different distal side
structure. They homodimerize through a G-H helical bundle as in other GCS. However,
BpeGReg-Gb* shows also a second dimerization mode.

Innovation: This paper extends our knowledge on the GCS proteins and contributes to a
better understanding of the GCSs' role in the formation of bacterial biofilms.

Conclusions: AvGReg and BpeGReg conform to the GCS family, share a similar overall
structure but they have different properties in terms of the ligand binding. In particular,
AvGReg shows an open and closed conformation that in the latter form will very tightly
bind oxygen. BpeGReg has only one closed conformation. In both proteins, it is the fully

oxygenated GCS form that catalyzes the production of the second messenger.
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Introduction

Globin coupled sensors (GCSs) are heme-based molecules widespread in Bacteria
and Archaea, consisting of chimeric proteins characterized by an N-terminal globin sensor
domain coupled to a variety of C-terminal transmitter domains. Classification based on the
function of the latter distinguishes: diguanylate cyclase (DGC), phosphodiesterase (PDE),
histidine kinase, methyl-accepting chemotaxis and a transmembrane function (20,33).

The globin domain exhibits an efficient sensor function based on the reactivity of the
heme iron atom (56,69). Its structure is a variant of the 3-over-3 helical fold with an extra
N-terminal Z-helix and no D-helix (44,63,70,75). Binding of diatomic gaseous ligands causes
a conformational change of the sensor domain that is transferred via a linker region to the
transmitter domain, regulating its activity. A comprehensive model for a full-length GCS
has been proposed for E. coli diguanylate cyclase DosC (EcDosC) (63), although the precise
mechanism of signal transduction within the molecule has still to be elucidated further.

Most known GCS have a transmitter domain mainly consisting of a GGDEF domain
with DGC activity. GCS with DGC (or PDE) activity produce (or degrade) cyclic-di-(3’,5’)-
GMP (c-di-GMP), a key second messenger involved in the conversion from a free-living into
a sessile-living bacterial population through biofilm formation (23,32,57) and modulation
of pathogenic factors (53). Bacteria in a biofilm show resistance to antibiotics and the host
immune system and often result in persistent and chronic diseases (16). As such, biofilms
are considered an important medical and industrial issue and, consequently, GCS with DGC
activity are becoming of increasing scientific interest. Two examples of such biofilm-
forming bacteria with a GCS are Azotobacter vinelandii and Bordetella pertussis.

Azotobacter vinelandii is a Gram-negative, alginate-biofilm-producing bacterium,
capable of diazotrophic growth and N-fixation in the presence of O, (48). As such it has
economic importance and it is widely used as a research model system. Genomic analysis
revealed the presence of a GCS (AvGReg) (55,64). AvGReg is a 472 residues soluble protein
consisting of a 178 residues N-terminal globin sensor domain (AvGReg-Gb) and a 170
residues C-terminal GGDEF transmitter domain endowed with a DGC activity.

Bordetella pertussis is a Gram-negative, aerobic, biofilm forming bacterial pathogen
(9,36,73). It is the causative of pertussis or whooping cough a highly contagious human

disease that still causes, yearly, many deaths among children worldwide (World Health
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Organization: http://www.who.int/topics/pertussis/en/). In the Bordetella pertussis

genome, one GCS with gene regulating function has been identified, namely BpeGReg (3,
4). As AvGReg, BpeGReg is a di-domain molecule (475 residues) consisting of a globin-like
sensor domain (residues:1-155) covalently attached by a linker region (residues:156-296)
to a transmitter domain (residues: 297-475) with DGC activity. This enzymatic activity is
regulated by ligand (O,) binding to the sensor domain, product (c-di-GMP) binding to an
inhibitory site (RxxD motive in the transmitter domain), and the oligomerization state
(mono- di- or tetramer) of the full GCS protein (6,7,50,70). The participation of c-di-GMP in
the process of biofilm formation of BpeGReg has been demonstrated in vivo (70). The iron
bound O, is stabilized by a TyrB10 and SerE11l residue of the globin sensor domain.
Dimerization of this domain involves the G and H helices (7,50).

AvGReg and BpeGReg not only merit scientific attention due to their respective
economic and medical importance, but a thorough comparison of the structural and
functional properties of these two molecules can contribute to a better understanding of
the general role of GCSs in the signaling mechanism associated with the formation of
bacterial biofilms. We have therefore combined different biochemical and biophysical
techniques to unravel the structural-function relationship of these two proteins. The study
involves the comparative analysis of the AvGReg and BpeGReg full-length molecules, their
respective globin domains and some mutants (AvGRegYB10F and Cys-mutant BpeReg*). In
the latter notation, asterisk indicates the Cys-Ser mutation of Cys16, Cys45, Cys114 and
Cys154, needed for crystallization purposes, see Materials and Methods for details.
Moreover, the full-length AvGReg was for the first time obtained via in-vivo folding, which
led to a molecule with marked differences in the ligand binding properties than reported
earlier for in-vitro folded AvGReg (from now on referred to as 'AvGReg) (64).

Results
UV/Vis spectroscopy

The absorbance maxima of the UV/VIS spectra of full-length AvGReg and BpeGReg,
in different ligation forms are reported in Table 1. The spectra of the ‘as purified’ forms are
typical for low-spin O,-ligated ferrous globins, while those of the reduced forms are
characteristic for ferrous high-spin pentacoordination of the heme. The absorbance

maxima do not change for the truncated proteins consisting only of the globin domains
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5
(AvGReg-Gb and BpeGReg-Gb), nor for the Cys mutant (BpeGReg*) and the YB10F mutant

of AvGReg (data not shown). Overall these results confirm the presence of a globin domain
capable of gaseous ligand binding and they are comparable to what was already reported
for GCS in the literature (50,70).
Resonance Raman spectroscopy

The resonance Raman (RR) spectra for AvGReg(-Gb) and BpeGReg(-Gb) were
recorded in the as-purified (O,-bound ferrous) state, and in the dithionite-reduced (deoxy
ferrous) state (Fig. 1). The corresponding spectra of BpeGReg* and BpeGReg-Gb* are
depicted in Figure S1. The high frequency region (1300-1800 cm™) of the spectrum
provides insights on the oxidation (vs4), coordination (vs), and spin (v,) states of the heme
iron atom (59) (Fig. 1B,D, Table 2). The observed marker frequencies are in accordance
with those reported for SwMb (60,61) and different gas sensor proteins, such as the
Bacillus subtilis heme-based aerotaxis transducer (BsHemAT) (2), the isolated globin
domain of EcDosC (EcDosC-heme) (28), and the globin-coupled histidine kinase from
Anaeromyxobacter sp. Fw109-5 (AfGcHK) (29) (Table 2). They confirm the assignment of
the ferrous form of AvGReg(-Gb) and BpeGReg to a high-spin pentacoordinated heme site.
The as-purified proteins are all in the O,-ligated ferrous form. Interestingly, the RR
spectrum of BpeGReg (Fig. 1D,a) reveals partial photolysis of the O, ligand (two v4 bands at
1359 cm™ and 1373 cm™, agreeing with the deoxy and oxy ferrous form). The partial
photolysis hampers the analysis of the low-frequency part of the RR spectra of O,-
BpeGReg, which will therefore not be considered in the below discussion.

The low frequency region (200-900 cm™) reveals in-plane and out-of-plane
vibrational modes of the heme (59). The Vge.nis is observed at 227 cm™ for the ferrous
unligated AvGReg (Fig. 1A,b). This value is similar to that of ferrous BsHemAT (225 cm™) (2)
and EcDosC-heme (227 cm'l) (28). The Vrenis peak broadens and shifts to ~214 cm™ for
AvGReg-Gb (Fig. 1A,d). For all deoxy ferrous BpeGReg* and BpeGReg-Gb* forms, the Vre nis
mode is observed as a broad peak around 229-233 cm? (Fig. 1C,b,d, Fig. S1Ab,d). The Vre.his
stretching mode is known to depend on different parameters (2,39,43). The higher vrenis
mode found in ferrous unligated AvGReg and BpeGReg can indicate a stronger H-bonding
to the proximal His N® nitrogen, less strain on the Fe-His bond, and/or a smaller dihedral

angle ¢ between imidazole plane and the nearest N(pyrrole)-Fe-N(pyrrole) axis. Thus, in
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keeping with the sensor functionality, the v. s difference observed between AvGReg and

AvGReg-Gb points to an influence of the signaling domain on the heme proximal region of
the globin domain. Similarly, the y; pyrrole bending mode, observed usually between 288 -
313 cm™ in heme proteins and indicative of an out-of-plane distortion of the heme,
changes slightly from a sharp peak at 301 cm™ for deoxy AvGReg to a broadened peak at
299 cm™ for deoxy ferrous AvGReg-Gb (Fig. 1A). This is also found for the deoxy form of
horse heart Mb (302 cm™) (25). In both cases, O, ligation causes a reduction of the out-of-
plane distortion (less pronounced y; mode). A similar trend is observed for the y; bending
modes of BpeGReg(-Gb) (Fig. 1C).

The heme propionate and vinyl modes reveal important information about the
stabilization of the heme by the surrounding protein. The vinyl 6(CgC,Cy»,4) bending modes
more or less coincide and give rise to broadened peaks around 421, 414 and 417 cm™ for
0,-BpeGReg-Gb, O,-BpeGReg* and 0,-BpeGReg-Gb*, respectively (Fig. 1C,c, Fig. S3A,a,c).
This indicates that the out-of-plane distortions influence each of the pyrrole units in a
similar way (68). The increase in wavenumber of this mode for the globin domain
compared to the full length domain, indicates an effect of the transmitter domain on the
globin domain. This effect was not observed for the AvGReg proteins (415 cm™ (Fig.
1Aa,c)). Deoxygenation leads for BpeGReg* and BpeGReg-Gb* to 6(CgCiCyy4) bending
modes at 412 cm™, whereby the peaks are clearly less broad than in the case of the
oxygenated proteins (Fig. 1C, Fig. S1). This means that O, ligation influences the
stabilization of the two vinyl groups in a different way. Again, this effect is far less
pronounced in the AvGReg case (Fig. 1A).

0,-AvGReg and O,-AvGReg-Gb display the 6(CgC.Cq) propionate bending mode at 381
cm™ and 377 cm™, respectively (Fig. 1Aa,c), while those of O,-BpeGReg-Gb, O,-BpeGReg*
and 0,-BpeGReg-Gb* are found at 382, 375 and 378 cm™, respectively (Fig. 2C,c, Fig.
S1A,a,c). This suggests a moderate to strong electrostatic interaction of the heme
propionate groups with the surrounding amino-acid side chains. Interestingly, the
8(CpCcCqy) mode is found at 363 cm™ for ferrous AvGReg, and 380 cm™ for ferrous AvGReg-
Gb, respectively. The former low value reflects the pronounced effect of the second
domain on the heme surrounding upon ligand binding. While this mode is still clearly

detectable for the deoxy ferrous state of AvGReg(-Gb) (Fig. 1A,b,d), the §(CgC.C4) mode



Downloaded by SYRACUSE UNIVERSITY from www.liebertpub.com at 10/21/19. For personal use only.

Page 7 of 50

Antioxidants and Redox Signaling

Structural and functional characterization of the globin-coupled sensors of Azotobacter vinelandii and Bordetella pertussis (DOI: 10.1089/ars.2018.7690)

This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

7
can only be weakly observed for deoxy ferrous BpeGReg-Gb (Fig. 1Cd, small peak at 379

cm™).

For the in vivo folded O,-AvGReg and O,-AvGReg-Gb, two V.02 modes were found
(Fig. 1Ab,d, Table 2). The first mode is located at 563 cm™ (561 cm™), while the second
mode is located at 573 cm™ (see Fig. S2, for a details of this spectral region in the RR
spectrum of 0,-AvGReg). The 573 cm™ mode is similar to the one observed for other
globins, such as Mb which show vgeo, around 570 cm™? (12,24,27,58). Lower Fe-O,
stretching modes of 557-560 cm™ have been found for the oxygenated forms of BsHemAT
(2) and AfGcHK (29) (Table 2). In this respect, previous studies on Mycobacterium
tuberculosis (74) and Chlamydomonas eugametos 2/2Hbs (11) indicate that the low Vee.02
mode is related to a strong hydrogen bond between the bound O, molecule and residue
TyrB10. As such, this low V.02 mode suggests a strong stabilization of the bound O,
through hydrogen bonding in AvGReg, while the 573 cm™ indicates the co-existence of a
more open configuration in which the O, is not stabilized. For the oxygenated BpeGReg*
variants, only a Vee.0, mode in the 556-560 cm™ region is found (Table 2, Fig. 1, Fig. S1),
indicating that the O, ligand is strongly hydrogen bonded to distal amino-acids with no
open conformation present. This will be shown to correlate with the kinetics data. A very
recent FTIR study on the CO-ligated ferrous BpeGReg and its Tyr43Phe variant revealed
that one of the CO-bound conformers is strongly hydrogen-bonded to the distal
Tyr(43)B10, in line with the here observed H-bonding of the O, ligand (51).

In earlier work, we already performed RR analyses on 'AvGReg(-Gb) (64). While the
RR data obtained in both studies are similar for the globin domain of the protein, the RR
and electron paramagnetic resonance data of TAvGReg showed the protein to be in the
ferric form due to the in-vitro refolding. Figure S3 (supplementary material) shows the
optical absorption and RR data for AvGReg oxidized with ferricyanide. It shows that
(partial) oxidation of the protein can be obtained chemically, but that it also leads to
partial denaturation of the protein as can be derived from the optical absorption peak at
646 nm. The spectra in Figure S3 for oxidized AvGReg agree with those previously obtained

for TAvGReg, where also signs of partial denaturation were found (64).
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Ligand binding kinetics on AvGReg proteins

AvGReg proteins and the AvGReg YB10F mutant were characterized in terms of the
CO and 0, binding equilibria and their kinetics as described in Materials and Methods. In
the whole CO concentration range explored in the flash-photolysis experiments, the time
courses of the CO binding to AvGReg can be described by a single exponential, allowing the
use of a minimum reaction mechanism (Scheme 1, Materials and Methods (64)). The value
of the kinetic parameter that defines CO binding (k'co = (0.48 + 0.01) x 10° M™ s is very
similar to the value reported for SwWMb (Table 3; Fig. 2). Only a minor influence is noticed
of the protein truncation or YB10F mutation. However, the other GCSs characterized to
date show a very moderately (BsHemAT) to significantly lower (EcDosC and AfGcHK) CO
association rate constant (Table 3).

The results of the flash-photolysis 0,/CO competition experiment can be described
with a second order reaction mechanism (see Materials and methods, Scheme 2). The O,
association/dissociation rate constants of AvGReg, as well as the constant for CO
dissociation from AvGReg (Table 3; Fig. 2C,D), have been determined using Equations 1
and 2 (see Materials and methods). Interestingly, stopped-flow measurements reveal the
presence of a second phase in the 0,/CO replacement mechanism (Table 3; Fig. 2B).
Therefore, we can conclude that AvGReg is characterized by a fast O, binding (k'o; = (12.2
+1.5) x 10° M s) and two O, dissociation constants (ko, = (1732 +377) s and ko, = (0.53
+0.05) s™7).

The O, association and dissociation rate constants we present here for the AvGReg
differ significantly from the ones measured previously for the in vitro refolded protein
1LAvGReg (Table 3). In particular, 1LAvGReg appears to release dioxygen 160 times slower
(high ko) and 1.3 times faster (low ko3).

While two distinct k’p, values were measured for AfGcHK (29), a biphasic O,
dissociation was observed for BsHemAT (75) as for AvGreg (Table 3). A difference of more
than 200 fold is revealed when comparing the higher Ky values of AvGReg and AfGcHK,
while the lower Ky values are in the same order of magnitude for the two GCSs. This
indicates the presence of an extremely stable Fe-O, complex in both cases. In contrast, we
find that the higher Ky value of AvGReg and BsHemAT are in the same order of magnitude,

while the lower Ky of AvGReg is 100 times smaller than that of BsHemAT. The latter
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observation highlights the very high O, affinity of AvGReg, being the highest among the

other globin sensors characterized to date, suggesting that it can be (and remain) activated
in the presence of traces amounts of O,.

A likely explanation of these results lies in the observation of two vge.0, modes for
O,-ligated AvGReg in solution, linked to an open and closed conformation for the O,
stabilization, responsible for the two dissociation constants, similarly as for BsHemAT (75).
Within this model, when the globin domain is in the open conformation, O, is less
stabilized inside the heme pocket, allowing a more efficient diffusion of CO from the outer
environment, and faster O, displacement. On the other hand, in the closed conformation,
0O, is firmly bound in the heme pocket, and well protected from the solvent. The
competition between 0O, and CO is impaired, thus O, displacement is significantly slower.
The results for AvGRegYB10F indicate that Tyr(44)B10 plays an important role in this
regulation (Table 3, Fig. S4). Not only does the fastest O, dissociation rate increase with an
order of magnitude upon mutation, the dissociation rate from the closed confirmation
increases with a factor of ~300.

Ligand binding kinetics on Bordetella pertussis proteins

The ligand binding parameters for CO and O, binding to BpeGReg and BpeGReg-Gb,
are summarized in Table 3 and Fig. 3. Interestingly, the CO binding reactions of BpeGReg
and the isolated BpeGReg-Gb show a different decay. The double exponential rebinding to
BpeGReg is defined with k'cofst = 0.60 uM'l st and k'cogow = 0.01 uM'l st while the rate
constant of the BpeGReg-Gb single exponential reaction is k'co = 0.11 uM™ s™. The
explanation for this difference must be related to the presence of the transmitter domain,
though we believe it goes beyond the mere structural effect of the absence/presence of
this domain, as no major modification of the heme environment can be ascribed to the
isolated globin domain. Considering also the dimerization process, we confirm the data by
Rivera et al. (50) that the intra- and intermolecular interactions influence the ligand
binding capabilities and, therefore, result in this CO affinity difference. Surprisingly, recent
FTIR of BpeGReg-Gb and BpeGReg showed three CO stretches in both proteins,
corresponding to an open and a closed (H-bonded) conformation and a pH-dependent

conformer stabilized by structural water (51).
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The 0,/CO competition studies and the O, association/dissociation rate constants of

BpeGReg have been determined as for AvGReg. With k'o, = 24.02 pM™ s and ko, = 4.0 s
(Table 3), BpeGReg is capable of selective and more efficient O, binding when a gas
mixture is present, as is also the case for myoglobin (1). Moreover, the low Ky values for O,
(Kg = 0.17 uM) indicate that this sensor will be saturated with O, in physiological
conditions. This is in line with the RR data that reveal only one vi. 0, mode agreeing with a
strong hydrogen bonding and thus stabilization of the dioxygen ligand. Despite the fact
that the reported k'o, from Wan et al. (70) is lower, the results are in accordance with the
reported transmitter domain activation via O, binding to the sensor domain (70). Indeed,
the very high affinity of the full-length BpeGReg suggests that this characteristic ensures a
stable promotion of the BpeGReg DGC activity, resulting in the typical chronic infection-
related biofilm persistence (6,7,50,70).

Diguanylate cyclase activity of AvGReg

We measured and analyzed the DGC activity of AvGReg to complement the already
published data on BpeGReg (7,70). By means of an optimized DGC activity assay, we could
collect reproducible time point series within few seconds from time zero to confidently
determine the initial reaction rate. We tested numerous substrate concentrations, which
revealed a high sensitivity of 0,-AvGReg to product inhibition, as already reported for
BpeGReg and EcDosC (28, 70). To avoid bias due to this effect, we determined the enzyme
specificity constant (calculated as k.:/Kw) at GTP concentrations where no product
inhibition was detected as described in Material and Methods (Fig. 4) and no cooperativity
was seen.

For the oxygenated form of the in vivo folded AvGReg, the reaction reached
completion after 20 minutes for all the substrate concentrations used (20 to 65 uM GTP)
(data not shown), yielding a kcat/Kn value of (1.13 £ 0.13) x 10°Mm?ts?, 0,-BpeGReg shows a
66 fold lower enzyme specificity as published by Burns et al (keat/Km = 0.17 x 10°* M s%) (6)
with completion reached after 30 minutes, while EcDosC is characterized by a high
autoxidation rate that hindered the estimation of the exact turnover number (28). The
ferrous unligated form of AvGReg was also assayed for DGC activity. Comparison of the O,-
AvGReg and unligated AvGReg catalyzed reactions showed that in the latter case c-di-GMP

synthesis is 50% decreased (Fig. 4), as previously reported also for BpeGReg and EcDosC
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(28,70). These results confirm the role of O, as DGC reaction trigger for this class of GCSs.

Considering that A. vinelandii does not grow anaerobically and the very high O, affinity of
AvGReg, it is likely that in physiological condition the AvGReg sensor is in the O,-bound
active state already in the presence of traces amounts of O,.

Tertiary and quaternary structures of AvGReg-Gb and BpeGReg-Gb*

The ferric aquo-met form of AvGReg-Gb and BpeGReg-Gb* crystal structures have
been determined at 2.83 A and 3.20 A resolution, respectively (two molecules per
asymmetric unit, referred to as A and B in both cases). The final AvGReg-Gb model consists
of 258 amino acids; no electron density is observed for residues 48-67 and 46-69 in chains
A and B, respectively (B-C-E region). The refined BpeGReg-Gb* structure comprises 306
amino acids; only residues 57-63 in chains B (C-E loop) show poor electron density. Data
collection and refinement statistics are reported in Table 4.

The overall fold of AvGReg-Gb and BpeGReg-Gb* conform to the modified globin fold
typically found for GCS sensor domains (44,63,75) and protoglobin (40,45,46), consisting of
8 helices which, according to the classical globin nomenclature, have been named in
alphabetical order from A to H, with a Z helix preceding the A at the N-terminus and the D
helix absent (Figs. 5A,B). The two AvGReg-Gb and BpeGReg-Gb* structures superimpose
well, with a root mean squared deviation (rmsd) of ~1.3 A over 126 Ca atom pairs, with
structural differences localized at the N-terminal region (including the Z helix), in the B-E
region, in the EF and GH loops (Fig. 5C).

Overall, two major features, both associated to the heme pocket, uniquely
characterize AvGReg-Gb. On the heme-proximal side AvGReg-Gb exhibits one of the
longest F-helix seen in globins (23 residues); this is due to the fact that the N-terminus of
the F helix contains one more turn at the expense of the C-terminal turn of the E helix (Fig.
5A,C). On the heme-distal side the structural disorder at the B-C-E region (in both the A
and B chains) results in the unwinding of almost the whole B-helix (Fig. 5A). The B-C-E
region is instead well structured in BpeGReg-Gb* (Figs. 5B,C).

The AvGReg-Gb and BpeGReg-Gb* monomers assemble in homodimers with the
interface residues belonging to the Z, G, and H helices of both A and B chains (Fig. 6A,B).
Thus, the dimerization interface has a four a-helical G-H bundle as the core region

(including 11 H-bonds and 7 salt bridges for AvGReg-Gb, and 11 H-bonds and 16 salt
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bridges for BpeGReg-Gb*), while the adjacent Z helices provide mostly van der Waals

interactions. The dimeric assembly observed in AvGReg-Gb and BpeGReg-Gb* is similar to
those found in GsGCS'®* (PDB code: 2W31) (44), BsHemAT (PDB codes: 10R4, 10R6) (75),
EcDosC (PDB code: 4ZVA, 4ZVB) (63), and in MaPgb (PDB codes 2VEB, 2VEE) (40). However,
the dimeric interface surface area can vary significantly: it is large for MaPgb (~2,100 A?),
BsHemAT (~1,800 A?) and GsGCS*®® (~1,700 A?%), medium for in EcDosC (~1,300 A% and
AvGReg-Gb (1,304 A?), and only 1,042 A? for BpeGReg-Gb*.

Furthermore, the precise orientation of the A/B subunits in the dimer is not the same
in different GCS proteins. Indeed, when the AvGReg-Gb A chain is superimposed to that
from the other GCSs, the match with the B chain is good for BpeGReg-Gb* and EcDosC,
while the BsHemAT B chain is rotated by ~20°, and GsGCS*®* and MaPgb by ~30°, around
an axis approximatively orthogonal to the G-H helices. Strikingly, a similar (albeit more
pronounced, ~60°) different orientation of the subunits of the dimer has been found in
another BpeGReg-Gb* crystal form (same spacegroup C2, but different unit cell),
determined at 1.55 A resolution (BpeGReg-Gb*-2) (Table 4). This second quaternary
structure is symmetrical around a crystal axes, covers a contact surface of 1,305 A? (similar
to AvGReg-Gb and EcDosC) with 14 hydrogen bonds and 10 salt bridges, and involves the Z,
G, and H helices, and the CE corner (Fig. 6C,D).

It should be noted that the different dimerization mode cannot be ascribed to a
different structure of the interfacing monomers, since the BpeGReg-Gb* and BpeGReg-
Gb*-2 structures don’t show significant deviations if compared monomer by monomer
(rmsd values ranging between 0.50 A and 0.80 A, over 138-145 Ca pairs). The different
guaternary assembly is most likely responsible for the minor structural deviations
observed at the N-terminus of the E helix, in the FG, G, GH, and H regions between the
BpeGReg-Gb* and BpeGReg-Gb*-2. In particular, the C-terminal His155 residue, buried at
the dimeric interface in BpeGReg-Gb *, is solvent exposed in BpeGReg-Gb*-2 and
interacting with an additional heme group (probably released in solution by a fraction of
BpeGReg-Gb*) which becomes hexacoordinated between the end of two H-helices at the

top of the dimeric interface (Fig. 6E,F).
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Heme proximal side

AVGReg-Gb and BpeGReg-Gb* share a very similar heme pocket proximal side, due to
a very high sequence similarity in this protein region. The proximal heme pocket is lined by
residues Ile(97)F4, 1le(100)F7, Ile(104), lle(106), Val(111)G4, and Met(154)H17 in AvGReg-
Gb, and Val(95)F4, Val(98)F7, Ile(102), lle(104), Val(109)G4, and Met(153)H17 in BpeGReg-
Gb*, which surround and mostly contact the porphyrin ring.

Both AvGReg-Gb and BpeGReg-Gb* show a loose coordination bond between the Fe
atom and the proximal His residue with Fe—His(101)F8 NE2 distance of 2.39 A and 2.50 A in
the A and B monomers of AvGReg-Gb, and Fe—His(99)F8 distance of 2.10 A and 2.29 A in A
and B chains of BpeGReg-Gb*. In AvGReg-Gb and BpeGReg-Gb* the F8 imidazole ring lies
in a staggered azimuthal orientation relative to the heme pyrrole N-atoms in chain A, and
it is eclipsed in chain B along the direction of the heme pyrrole NA-NC atoms in AvGReg-Gb
and NB-ND in BpeGReg-Gb* (Fig. 7A). In the BpeGReg-Gb*-2 His(99)F8 stabilizes the heme
iron atom with a distance of 2.20 A in chain A and 2.14 A in chain B, being always eclipsed
along the direction of the heme pyrrole NB and ND atoms.

Heme distal side

The heme distal side of AvGReg-Gb and BpeGReg-Gb* varies considerably, but both
reveal a high conformational flexibility of the B-C-E region. In AvGReg-Gb the heme distal
pocket residues Tyr(42)B8, Phe(43)B9, Tyr(44)B10, and Leu(70)E11l surround a heme-
ligated water molecule (2.81 A and 3.32 A in the A and B chains, respectively), which is not
stabilized by any polar interaction provided by the protein (Fig. 7A). It should be noted,
however, that part of the heme-distal site corresponding to the B-C-E region (residues 48-
67 and 46-69 in chain A and chain B, respectively), could not be modeled due to the low
connectivity of the experimental electron density map. In particular, this disordered region
involves the C-terminal end of the B-helix, which in AvGReg-Gb appears to be almost
completely unwound (Fig. 5A). As a consequence, Tyr(44)B10, a conserved residue usually
involved in ligand stabilization in GCS proteins, is too far to H-bond the heme-bound water
molecule (Fig. 7A). The same considerations hold for the nearby Tyr(42)B8, an amino acid
which is instead specific of AvGReg-Gb and few others GCSs (19). However, both Tyr
residues point their hydroxyl groups towards the interior of the distal site and, therefore,

could be involved in ligand stabilization in the context of a structured B-C-E region.
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Conformational disorder at the BE distal site region has been previously reported in

GCSs and other globins, and, in some cases, associated to functional roles. For instance, in
GCSs and related proteins (i.e. protoglobin) disorder in this region has been associated to
multiple conformations of specific residues whose side-chain orientations in the heme-
distal site depend on the ligation state of the heme-Fe atom (40,44,45,46,75). However, in
AvGReg-Gb the disordered region is delimited by residues Gly(40)B6-Pro(41)B7 on one side
and Gly(68)E9 on the other, which are specific for AvGReg-Gb and not conserved in other
GCSs (19,44).

The BpeGReg-Gb* heme iron atom coordinates to a water molecule (at 3.06 A in the
A chain and at 2.90 A in the B chain) at the distal site, which is not stabilized by any
interaction with the amino acids facing the distal site. In particular, Tyr(43)B10 is pointing
its hydroxyl group towards the exterior of the distal site. The distal side residues are
hydrophobic (Phe(42)B9, Leu56, Val(61)E3, Leu(65)E7, Met(69)E11) and well defined in the
A chain of the dimer, while in the B chain the C-E region (residues 57-60) is partly
disordered (Fig. 7B). Interestingly, the second crystal form, BpeGReg-Gb*-2, shows an Fe-
coordination state at the distal site that differs in the A and B chains and from the
BpeGReg-Gb* crystal form: the heme-Fe is loosely hexacoordinated to Tyr(43)B10 (3.11 A)
in chain A, (Fig. 7C) and to an imidazole molecule (2.12 A), probably originating from the
purification protocol, in chain B, with Tyr(43)B10 swinging out from the distal site due to
steric repulsion caused by the imidazole ligand (Fig. 7D). Overall, we can conclude that the
different dimerization mode of BpeGReg-Gb*-2 has an impact in the distal site geometry
reshaping, with Tyr(43)B10 able to point inwards and outwards, in keeping with the
previously proposed mechanism whereby the globin domain dimerization leads to
conformation(s) of the distal pocket that adjust the position of the hydrogen bonding
residues involved in O, dissociation kinetics (50). Interestingly, the distal site swinging
movement of TyrB10 has been suggested as the mechanism of O, stabilization for other
GCSs, as BsHemAT (75) and EcDosC (63).

In BpeGReg-Gb* the heme group's propionates are not interacting with Lys(64)E6 at
the distal site, nor with Lys(94)F3 at the proximal site (Fig. 7A), while in the BpeGReg-Gb*-2

structure only a loose interaction is present with Lys(64)E6 (Fig. 7C,D).
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Discussion

The A. vinelandii and B. pertussis are highly interesting bacterial systems. Indeed, A.
vinelandii fixes N, in the presence of 0,, a unique metabolic feature that renders it
particularly interesting for industrial applications whereas B. pertussis is a highly
contagious human pathogen that still causes many deaths worldwide and is, therefore, of
considerable medical interest. In addition, the GCS of both systems are involved in biofilm
formation. In this respect, their characterization, here presented, is significant for a more
detailed understanding of the control that the sensors might exert on biofilm formation.

The combination of biochemical techniques applied in this study provides
complementary pictures of AvGReg and BpeGReg functional and structural behaviors. We
performed our experiment on in vivo folded full-length proteins. It is important to note
that in the previously published study on AvGReg and AvGReg-Gb, both proteins had been
purified from inclusion bodies, followed by in vitro refolding (64). The high level of
agreement between our data and the optical and RR spectra of the in vitro refolded
AvGReg-Gb is an indication of the reliability of the refolding method when applied to the
globin domain alone. In contrast, the discrepancies detected between in vivo folded
AvGReg and that purified from inclusion bodies strongly suggest that the presence of the
second (transducer) domain may hamper a correct in vitro refolding process.

We showed that both the in vivo folded AvGReg and BpeGReg sensors are
oxygenated when purified and pentacoordinated when the deoxy ferrous species is
produced through dithionite reduction. Additionally, based on our enzymatic in vitro
assays and the literature, we proved that O, binding triggers c-di-GMP biosynthesis and
that O,-AvGReg and O,-BpeGReg are the catalytically competent forms. 0O,-AvGReg and O,-
BpeGReg display a high sensitivity to product inhibition confirming the literature (70). For
0,-AvGReg and 0,-BpeGReg a keat/Km value of 1.13 + 0.13 x 10° M™ s (reported here) and
0.17 x 10° M s (6,7) was obtained, respectively. The RR measurements indicate that the
heme pocket of the fully oxygenated proteins are well structured, with moderate to strong
electrostatic interactions of the heme propionate groups with the surrounding amino-acid
side chains and the O, molecule tightly bound to the heme-Fe for all forms and an
additional more open distal heme-pocket site for O,-AvGReg. These data are confirmed by

the recently published structure of the oxygenated form of BpeGReg-Gb (structure not yet
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released by PDB), where O, is described as tightly bound to the Fe** and H-bonded to

Tyr(43)B10, and Lys(64)E6 forms a hydrogen bond with heme propionate (51).

The combination of kinetics measurements and the structural data suggest
mechanisms for protein activation and signal transduction. In the case of AvGReg the
kinetics measurements reveal a fast O, association (k'o, = 12.2 x 10° M™ s™*) and a biphasic
O, dissociation, characterized by fast and slow rates (ko, = 1732 and 0.53 s'l, respectively).
Among GCSs a biphasic O, dissociation has been reported only for BsHemAT (75). The
higher K4 for O, is in the same order of magnitude for the AvGReg and BsHemAT, while the
lower Ky highlights the very high O, affinity of AvGReg, being the highest among the other
globin sensors characterized to date (see Table 3), suggesting that it can be activated in the
presence of traces amounts of O,. The crucial role of Tyr(44)B10 is highlighted by the
binding kinetics study of the YB10F mutant which shows a significant increase of O,
dissociation rate, for both the fast and slow rates (Table 3). Specific high affinity O, binding
(needed for sensing, transport, and storage) requires significant deviation from the sliding
scale rule, which predict that, although the equilibrium dissociation constants (Ky) can vary
a lot, the ratios for NO:CO:0, binding are roughly the same, namely 1:¥10%:~10° when the
proximal ligand is a histidine and the distal site is apolar (66). Indeed, data reported for
GCSs (including BpeGReg) show that, in general, CO affinity is higher than O,, but that the
Kp(O3)/Kp(CO) ratio is much smaller than that predicted by the sliding scale rule due to a
preferentially lower Kp(O,) associated with hydrogen bonding stabilization of the O,
molecule into the distal site (66).

Within this picture the biphasic behavior for AvGReg O, dissociation, measured by
flash-photolysis 0,/CO competition, can be explained by the presence of two different
AvGReg conformations (open and closed, respectively) responsible for the two dissociation
rate constants. More precisely, when the globin domain is in the closed conformation, O,
would be firmly bound in the heme pocket and well protected from the solvent. As a
result, the competition between O, and CO would be hampered and O, displacement
significantly slower. On the contrary, when the protein is in the open conformation, O,
would be less stabilized within the heme pocket, thus allowing a more efficient diffusion of
CO from the outer environment and faster O, displacement. Both conformations are in

keeping with the RR measurements on the fully oxygenated ferrous AvGReg. All in all, the



Downloaded by SYRACUSE UNIVERSITY from www.liebertpub.com at 10/21/19. For personal use only.

Page 17 of 50

Antioxidants and Redox Signaling

Structural and functional characterization of the globin-coupled sensors of Azotobacter vinelandii and Bordetella pertussis (DOI: 10.1089/ars.2018.7690)

This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

17
crystal structure of the AvGReg-Gb ferric form reveals that the B-C-E region can undergo to

structural disorder, probably favoured by the Gly-rich sequence at the BE region
boundaries (not present in other GCSs), and this protein flexibility is compatible with the
presence of an open conformation. From RR and kinetics follows that there is a second
more closed (and probably more rigid) conformation that is not populated in the crystals.
This closed conformation involves Tyr(44)B10.

Furthermore, the presence of the transmitter domain in the full-length AvGReg
relaxes the heme proximal coordination when compared to the isolated AvGReg-Gb sensor
domain. Indeed, the aquo-met crystal structure is in keeping with the RR measurements
on the ferrous unligated protein, indicating a staggered conformation of the proximal
His(127)F8 side chain and, therefore, a higher strain on the Fe-His bond for the isolated
globin domain relative to the full-length protein. Such relaxation at the F-helix proximal
His(127)F8 may be also part of the signal transduction mechanism between domains upon
0, binding.

In contrast to AvGReg, no dramatic change in the sensor domain of BpeGReg can be
ascribed to the absence/presence of the transmitter domain. Indeed, the RR spectra
measured on BpeGReg-Gb and BpeGReg (and their BpeGReg-Gb* and BpeGReg* Cys-
mutants) are very similar. This suggest that the signal transduction mechanism for the
BpeGReg globin domain activation involves structural modifications in protein regions far
from the heme pocket. The measured k’o; and ko, values suggest that BpeGReg is capable
of selective and more efficiently binding O, when a gas mixture is present, as is also the
case for myoglobin (1). The low Ky (O,) values indicate that, under physiological conditions,
the sensor will permanently bind O,. A biphasic behavior for O, dissociation, as seen for
AvVGReg, is not recorded for BpeGReg, in line with the RR observation of only one (closed)
conformation for the stabilization of the distal O, ligand. However, flash photolysis
experiments indicate that the CO binding kinetics differs between the isolated BpeGReg-
Gb (one exponential) and the full-length BpeGReg (two exponential). This result proves
that the overall protein dynamicity changes when the transmitter domain is present,
probably due to the presence of structural interactions between sensor and transmitter
domains, likely at the oligomerization interface, necessary for the signal transduction

process as also seen by Rivera et al (50).
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Finally, the crystal structure of the aquo-met form of BpeGReg-Gb* shows that the

water ligand is not stabilized by any distal residue, the Tyr(43)B10 hydroxyl group is
pointing away from the heme distal side, and the propionates are not interacting with the
protein. These data provide a complementary picture of the recently published O,-bound
structure (PDB code: 6M9A) (51) where, instead, the strong O,-binding to Tyr(43)B10 is
coupled with heme distortion, interaction between Lys(64)E6 and the heme propionate,
and interaction between Ser(68)E10 and Tyr(43)B10 through a distal water molecule, not
present in the BpeGReg-Gb* aquo-met form. Thus our data support the proposed
mechanism that differences in ligation state at the distal side is potentially propagated
through interactions with residues on the E helix, allowing for signaling to the DGC output
domain. Furthermore, a second crystal form of ferric BpeGReg-Gb* reveals the presence of
two possible dimerization modes, both based on the G-H helical bundle. The first
dimerization mode is that typically found in GCSs, the second differs by a rotation of 60°
between monomers and is stabilized/forced by the presence of an extra heme molecule,
probably due to a somewhat higher heme availability in solution at the more alkaline
crystallization condition used (see Material and Methods, condition 2), covalently linking
two His residues (His155) at the end of the H helices (the region which is linked to the
middle domain of the full-length protein). Although this dimerization mode could be
classified as a crystallization artifact, it clearly demonstrates that the G-H surface of a
monomer is intrinsically characterize by high plasticity, being able to face, fit and bind its
counterpart in more than one way. The different dimerization mode is also associated with
a different distal site organization, with Tyr(43)B10 swinging in and out the distal site.
Thus, a transmission mechanism through a partial rotation at the G-H interface is
conceivable, whereby a different relative position of the H-helices upon ligand binding
would directly affect the following middle domain and/or affect the global oligomerization
state of the full-lengh protein (dimer with low diguanylate cyclase activity vs tetramer with
high activity) (51).

Our in vitro data on DGC activity in AvGReg demonstrate that O,-binding to A. vinelandii
GCS triggers c-di-GMP biosynthesis, as described for B. pertussis GCS (20,33,51,70). In
bacteria, C-di-GMP is an essential second messenger involved, in vivo, in the regulation

(translational and post-translation) of motility, exo-polysaccharide production and biofilm
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formation (26,34,49,52). Thus O, binding to GCS as A. vinelandii and B. pertussis, increases

c-di-GMP production and activates biofilm formation.
Innovation

Biofilms are considered an important medical and industrial issue and, consequently,
GCS with DGC activity are becoming a class of enzymes of increasing scientific interest. This
paper extends the knowledge on the GCS proteins. It provides a comprehensive
biochemical and structural characterization of A. vinelandii and B. pertussis O, sensors
involved in the control of biofilm formation and biofilm maintenance through production
of the c-di-GMP second messenger.
Materials and Methods
Cloning, expression, mutagenesis and protein purification
Full-length AvGReg (472 residues) and its N-terminal globin domain AvGReg-Gb (residues
1-170) were amplified by PCR, and cloned into the pBAD-a vector as previously described
(14,47,64). In addition, for the AvGRegYB10F variant, Tyr(44)B10 was mutated into Phe
using the QuickChange™ site-directed mutagenesis method (Stratagene) (15). All were
expressed as N-terminal His-tagged proteins in E. coli TOP10 cells (Invitrogen) (14,47) and
purified from the soluble fraction using affinity chromatography. This procedure is very
different from the one used to obtain TAvGReg in (64). In that case, the procedure involved
the purification of the expressed, denatured proteins from inclusion bodies, with a
subsequent in vitro folding in the presence of hemin. This approach deviates significantly
from the here presented method based on in-vivo folding of the proteins in E. coli followed
by affinity purification.
Full-length BpeGReg (475 residues) and its N-terminal globin domain (BpeGReg-Gb)
(residues 1-169) were amplified by PCR and cloned into the pET23-a vector using Ndel and
Xhol restriction sites. The C-terminal His-tagged fusion proteins were expressed in E. coli
BL21(DE3)plLysS (Invitrogen) as done for the AvGReg proteins (14,47). To prevent
aggregation during the crystallization process, four out of six cysteine residues present in
the globin domain (Cys16, Cys45, Cys114, Cys154) were mutated into Ser using the
QuickChange™ site-directed mutagenesis method (Stratagene) (15). The selection for the
Cys residue to be mutated was done based on the in silico modelling of BpeGReg-Gb

obtained by using the I-TASSER server (72). The mutated proteins are further termed and
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BpeGReg* (full length molecule) and BpeGReg-Gb* (globin domain). The AvGReg proteins

were kept in 50mM Tris-HCl pH 7.5, 50mM NaCl, 10mM MgCl, and 5% glycerol, whereas
the BpeGReg proteins were kept in 20mM Tris-HCI pH 8, 50mM NaCl and 40% glycerol.
Both the globin domains were kept in 50 mM Tris-HCI pH 8.5, 10 mM NaCl and 0.5 mM
EDTA.
UV/Visible absorption spectroscopy

The optical absorption measurements were obtained by using a Varian Cary 5E UV-
Vis-NIR spectrometer. The spectra were recorded from 350 nm to 750 nm at room
temperature. The ferrous O,-ligated forms were measured, without additional treatment
(as-purified), soon after protein purification, while the unligated form was obtained by
adding 1% v/v sodium dithionite saturated solution to the sample, after N, bubbling.
Resonance Raman spectroscopy

The resonance Raman (RR) spectra were measured on a Dilor XY-800 Raman

spectrometer in low-dispersion mode, associated to a liquid N,-cooled CCD detector (slit
width = 200 um), with a Kr' laser operating at 413.1 nm as the excitation source (Spectra-
Physics BeamLok 2060). The applied laser power was 10 mW (BpeGReg proteins) and 15
mW (AvGReg variants). The samples had a final concentration of 40 uM, and were
magnetically stirred at 500 rpm to avoid local heating and photochemical decomposition.
Six spectra were recorded with 120-180 s integration time, depending on the protein
sample. To remove spikes due to cosmic rays, the highest and lowest data points for each
frequency value were removed and averaged over the remaining values with an in-house
written program.
Ligand binding kinetics and data analysis

Laser flash photolysis experiments were performed to measure the CO and O,
binding kinetics at 20 °C using a laser photolysis system (Edinburgh Instruments LP920, UK)
equipped with a frequency-doubled, Q-switched Nd:YAG laser (Quanta-Ray, Spectra
Physics). A laser flash of 532 nm was used.

The carbon monoxide (CO)—ferrous Hb complexes were prepared in sealed 4 x 10
mm quartz cuvettes with 1 ml of 100 mM potassium phosphate buffer (pH 7.0) containing
1 mM EDTA. The buffer was equilibrated with mixtures of CO and N, in different ratios to

obtain CO concentrations of 50-800 pM by using a gas mixer (HighTech System;
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Bronkhorst, The Netherlands). Saturated sodium dithionite solution (10 pl) was added and

the protein was injected to a final concentration of ~4 uM. Formation of the CO—ferrous
Hb complex was verified by UV/visible absorption spectroscopy. Recombination of the
photo-dissociated CO ligand was monitored at 418 nm (BpeGReg) or 421 nm (AvGReg).
0,/CO competition studies were performed with the ferrous oxygenated (as-
purified) form of the GCS. Sealed cuvettes containing 100 mM phosphate buffer pH 7.0
were flushed with 0,/CO mixtures (O, concentrations between 250 and 812.5 uM, and CO
concentrations between 350 and 800 puM). The protein was added to the experimental
cuvettes immediately prior to the photolysis experiment. The CO/0, displacement was
followed at 418 nm and 436 nm for BpeGReg and at 421 nm and 436 nm for AvGReg.

The data obtained were analyzed with MATLAB® (The MathWorks, Inc., Natick,
Massachusetts, USA) and fitted with Origin (OriginLab, Northampton, Massachusetts,
USA). The time courses for CO rebinding followed a mono exponential decay and were
fitted to the minimum reaction mechanism (scheme 1) with equations as described
elsewhere (42,64).

kco
GCS +C0 _GCS —COo (Scheme

kco
1)
The 0,/CO competition time courses fitted with a two-exponential process (Scheme 2,

(42)), valid also for the globin domain alone:

kcokoz
GCS — 0, +CO ——> GCS —CO + 0, (Scheme
2a)
ko2
GCS + 0, — GCS — 0, (Scheme
2b)

The values of k'n,, ko2, and k'co were obtained according to the equations:

k; = kg0, ]+ kgo[COY+ky, (Equation 1)
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k02 .
k,=———— (Equation 2)
1+ ol0)]
k-, [CO]

where k¢ is the fast observed reaction constant kops, and k; is the slow ko at a given ligand
concentration.

The slower O, dissociation rate constant was determined with a ligand replacement
method using stopped flow, as already described (41). Experiments were performed at 20
°C in triplicates on an Applied Photophysics SX20 stopped-flow spectrometer apparatus
equipped with the Pro-Data™ software suite. After measurements, the raw data were
further analyzed with Origin (OriginLab, Northampton, Massachusetts, USA). The
oxygenated protein solution was rapidly mixed with an 0,/CO mixture (the final protein
concentration after mixing was 2.5 uM) in 100 uM potassium phosphate buffer pH 7.5, 1
mM EDTA.

Diguanylate cyclase assay

A HPLC-based DGC assay was adapted from (54) and performed in triplicate to
quantify c-di-GMP synthesis by AvGReg. Shortly, 10 uM of enzyme was incubated at 37 °C
with 20 to 65 pM GTP in 50 mM TRIS-HCI pH 7.5, 50 mM NaCl and 10 mM MgCl,. Aliquots
were taken at different times and the reaction was rapidly stopped with one-fourth
volume of 0.5 M EDTA pH 8.0, which ensures repeatability in the measurement of more
time points in a few seconds time frame, as required for initial rate determination of
enzymatic processes. For deproteination, the stopped reaction mixture was heated for 5
min at 95 °C and centrifuged for 10 minutes at 11,300 x g. 20 ul of the supernatant was
injected onto an Adsorbosphere Nucleotide-Nucleoside RP C18 HPLC column (Alltech,
250x4.6 mm) equipped with the same type guard column (Alltech/Grade, 7.5x4.6 mm). As
mobile phase, 0.15 M NaH,PO, and 40% acetonitrile was used. A relatively rapid linear
gradient from 0% to 35% acetonitrile, for 10 minutes at 1 ml min, was applied to separate
GTP, c-di-GMP and pGpG, with which we could efficiently process the high number of
samples produced. Known amounts of all three molecules were used for standardization.

Given the high sensitivity of AvGReg to product inhibition, low substrate
concentrations were used. When the substrate concentration [S] << K, then [S] is almost

negligible and the Michaelis-Menten's equation becomes:
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_ Vinax[S]

v; K,
Given that Vinax = keat[E]o, in our experimental conditions the enzyme specificity constant
(kcat/Km) can be calculated from Michaelis-Menten plots.

Crystallization, structure determination, and refinement

Crystallization of AvGReg-Gb and BpeGReg-Gb* was achieved using the sitting drop
vapour diffusion method. AvGReg-Gb crystals were obtained by equilibrating at 4 °C the
protein solution (30 mg ml™) against 33% PEG 6000 and 10 mM Na-citrate. The crystals
diffracted up to 2.83 A resolution, using synchrotron radiation (Elettra - Sincrotrone Trieste
S.C.p.A, Trieste, Italy; XRD1 beamline). They belong to the monoclinic P2; space group and
two AvGReg-Gb molecules per asymmetric unit (estimated solvent content 33%) (Table 4).
BpeGReg-Gb* crystals grew at 4 °C by using two different ionic and pH conditions: 1.6 M
magnesium sulphate and 0.1 M MES pH 6.5 (condition 1: BpeGReg-Gb*) or 0.8 - 1 M
ammonium sulphate and 0.1 M TRIS-HCI pH 6.0 - 9.0 (condition 2: BpeGReg-Gb*-2). The
crystals grown under condition 1 and 2 diffracted up to 3.20 A and 1.55 A resolution,
respectively, using synchrotron radiation (at SOLEIL and ESRF facilities, France). Both
crystal forms belong to the C2 space group, but with different cell parameters, and contain
two protein molecules in the asymmetric unit (estimated solvent content 48.25 % for
BpeGReg-Gb*, and 34.69 % for BpeGReg-Gb*-2) (Table 4). MOSFLM (31), SCALA (18), and
the CCP4 suite programs (71) were used for reducing, scaling and analysing all the
collected data.

The BpeGReg-Gb*-2 structure was solved with a combination of single wavelength
anomalous dispersion (based on the heme-Fe atom anomalous signal) and molecular
replacement. Few regions of the structure were built based on the SAD data. This partial
model was used to determine the remaining phases with Phaser molecular replacement
program (35). The molecular model was checked manually with COOT (17) and refined
with REFMACS5 (37,38) to the maximum resolution (Table 4). The BpeGReg-Gb*-2 refined
structure was used as starting model (as a monomer) to solve the BpeGReg-Gb* and the
AvGReg-Gb dimeric structures with Phaser (35). The resulting structures were remodeled
by using COOT (17) and refined with REFMAC5 (37,38) (Table 4). Their stereo chemical

quality was assessed with MolProbity (9) and the quaternary assemblies were identified
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with PISA (30). Finally, the atomic coordinates and the structure factors have been

deposited in the Protein Data Bank (www.rcsb.org) with entry codes 4Ull (AvGReg-Gb),
612Z (BpeGReg-Gb*), and 4UIQ (BpeGReg-Gb*-2).
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Abbreviations:

AfGcHK = globin-coupled histidine kinase from Anaeromyxobacter sp. Fw109-5
AvGReg = globin-coupled regulator from Azotobacter vinelandii

AvGReg-Gb = AvGReg globin domain

AvGRegYB10F = AvGReg with Tyr(44) mutated to Phe

AvGRegl78 = recombinant and reconstructed (heme + apoprotein) globin domain
BjFixL = Bradyrhizobium japonicum nitrogen fixation gene expression regulator
BsHemAT = Bacillus subtilis heme-based aerotaxis transducer

BpeGReg = globin-coupled sensor from Bordetella pertussis

BpeGReg* = BpeGReg with cysteines (Cys16, 45, 114, 154) mutated to serines
BpeGReg-Gb = BpeGReg globin domain

BpeGReg-Gb* = BpeGRegGb with cysteines (Cys16, 45, 114, 154) mutated to serines
c-di-GMP, cyclic-di-(3’,5’)-GMP

DGC = diguanylate cyclase

EcDosC = E. coli globin-coupled sensor with DGC activity

EcDosC-heme = isolated globin domain of the E. coli globin-coupled sensor

GCS = globin-coupled sensor

GsGCS'™ = sensor domain from the Geobacter sulfurreducens globin-coupled sensor

PDE = phosphodiesterase

25

RmFixL* = soluble truncated domain of the Rhizobium meliloti nitrogen fixation gene

expression regulator
Rmsd = root mean squared deviation

RR, Resonance Raman spectroscopy

RrCooA = Rhodospirillum rubrum carbon monoxide oxidation activator; sGC, soluble

guanylyl cyclase

SwMb = sperm whale myoglobin
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Table 1. UV/VIS maxima of the different forms of AvGReg and BpeGReg
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Table 2. Resonance Raman vibrational modes values of different hemoproteins *
Vibrational modes (cm™)
Hemoprotein Ref

Vg V3 \%) VFe-His VFe-02
0,-AvGReg 1379 1505 1583 - 563/573
AvGReg(Fell) 1357 1474 1567 227 - This
0,-AvGReg-Gb 1376 1505 1579 - 561/573 study
AvGReg-Gb(Fell) 1356 1471 1563 214(b) -
0,-BpeGReg 1373 1501 n.d. - n.d.
BpeGReg (Fell) 1357 1472 1565 229 - This
0,-BpeGReg-Gb 1380 1507 1583 - 563 study
BpeGReg-Gb (Fell) 1359 1474 1567 233 -
0,-BpeGReg* 1373 1502 1577 - 556
BpeGReg* (Fell) 1356 1472 1564 229 - This
0,-BpeGReg-Gb* 1375 1502 1578 - 560 study
BpeGReg-Gb* (Fell) 1356 1472 1564 230(b) -
0,-SwMb 1377 1507 1584 - 569

(60,61)

SwMb(Fell) 1356 1473 1564 220 -
'AvGReg(Felll) 1375 1506 1588 - -
TAVGReg(FeII) 1361 1470 1592 n.d. -
TOZ—AVGReg178 1372 1502 1575 - n.d. (64
*AVGReg178(FeII) 1354 1470 1562 220 -
0,-BsHemAT 1372 1501 1578 - 560
BsHemAT(Fell) 1352 1469 1558 225 - @
0,-EcDosC-heme 1377 1499 1581 - 565
EcDosC-heme(Fell) 1353 1470 1564 227 - 8
0,-AfGcHK 1375 1501 1579 - 557
AfGcHK(Fell) 1354 1470 1558 223 - 29
O,-RmFixL* 1376 1502 1577 - n.d.
RmFixL*(Fell) 1355 1470 1558 212 - (©2)
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RrCooA(Fell) 1359 1491 1579 n.d. - (67,68)
sGC(Fell) 1358 1471 1562 204 - (13,65)

Erroris 2 cm™, b=broad peak, n.d.=not detected

AvGReg and AvGReg-Gb: in vivo folded A. vinelandii full-length and truncated globin-
coupled regulator; BpeGReg and BpeGReg*: globin-coupled sensor from Bordetella
pertussis wild-type and with mutated cysteines (Cys16, 45, 114, 154); BpeGReg-Gb and
BpeGReg-Gb*: isolated globin domain of BpeGReg and BpeGReg*: SwWMb: Sperm whale
myoglobin; TAvGReg and TAvGReg178: in vitro refolded A. vinelandii full-length and
truncated globin-coupled regulator; BsHemAT: heme-based aerotaxis transducer from
Bacillus subtilis; EcDosC-heme: isolated heme-binding domain from EcDosC, a globin-
coupled sensor with DGC activity from E. coli; AfGcHK: globin-coupled histidine kinase from
Anaeromyxobacter sp. Fw109-5; RmFixL*: soluble truncated domain of the Rhizobium
meliloti nitrogen fixation gene expression regulator; RrCooA: Rhodospirillum rubrum

carbon monoxide oxidation activator; sGC: soluble guanylyl cyclase.
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Table 3. Kinetics and equilibrium constants for ligand binding to some hemoproteins
co 0,
K4
Hemoprotein k'co k'oy koa Ref
(10°M?*s?)  (10°Mm*tst (s (10° M)
17324377 141 This
AvGReg 0.48+0.01 12.2+1.5
0.53+0.05 0.04 study
This
AvGReg-Gb 0.20+0.01 - - -
study
183891556 910 This
AvGRegYB10F 0.31+0.01 20.2+1.3
166+18 8.22 study
0.60+0.01 This
BpeGReg 24.02+1.5 4.0+0.1 0.17
0.01+0.01 study
This
BpeGReg-Gb 0.11+0.01 - - -
study
'AvGReg 1 - 10.6 -
(64)
- 0.73 -
TAVGReg178 1 424 10.6 0.025
(64)
5.2 0.13 0.025
GsGCS™®? 6.80 - 23 - (44)
1900 100
BsHemAT 0.34 19 (75)
87 4.6
1.03 (70)
BpeGReg 7.0 4.5 0.64
0.12
EcDosC 0.22 0.9 13 14 (28)
EcDosC-heme 0.40 1.4 22 16 (28)
1.3 0.08
AfGcHK 0.05 0.10 (29)
0.15 0.67
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BjFixL - 0.14 20 140 (22)

SwMb 0.50 14 11 1.27 (5,21)

AvGReg and AvGReg-Gb: in vivo folded A. vinelandii full-length and truncated globin-
coupled regulator; AvGRegYB10F: mutant of the two proteins in which the Tyr(44) at
position B10 is replaced by Phe; BpeGReg and BpeGReg-Gb: full-length and truncated
globin-coupled sensor from Bordetella pertussis; 'AvGReg and 'AvGRegl78: in vitro

1622 sensor

refolded A. vinelandii full-length and truncated globin-coupled regulator; GsGCS
domain from the Geobacter sulfurreducens globin-coupled sensor; BsHemAT: heme-based
aerotaxis transducer from Bacillus subtilis; EcDosC: globin-coupled sensor with DGC
activity from E. coli; EcDosC-heme: EcDosC-isolated heme-binding domain; AfGcHK: globin-
coupled histidine kinase from Anaeromyxobacter sp. Fw109-5; BjFixL: Bradyrhizobium

japonicum nitrogen fixation gene expression regulator; SwWMb: Sperm whale myoglobin.
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Data collection:

Space group

Cell dimensions:
a, b, c(A)
a,6,y(°)

Resolution (A)

No. reflections
Unique reflections

R-merge” (%)°

I/o(1)°

Completeness (%)°

Multiplicity®

Refinement statistics:
R-factor‘/R-free (%)

Protein residues

Heme groups
Water molecules
Glycerol molecules
Imidazole molecules

r.m.s.deviation

ideality:

Bond lengths (A)
Bond angles (°)

from

Ramachandran plot (%):

Most favored

AvGReg-Gb
P2,

47.9,49.5,62.8
90.0, 91.8, 90.0

30.5-2.83
(2.98-2.83)°
22,497
6,845

9.3 (49.8)
8.6 (2.5)
95.8 (97.7)
3.3(3.4)

25.5/29.7
258

(A: 6-47, 68-157)
(B: 7-45, 70-156)

2
4

0.011
1.97

88.1

BpeGReg-Gb*

2

105.0, 86.7,41.8
90.0, 93.3,90.0

52.4-3.20
(3.37-3.2)
17,105
6,186

24.6 (52.7)
3.4(2.0)
99.2 (99.5)
2.8(2.8)

20.9/24.0
306
(A:3-157)

(B: 3-56, 61-157)

2
30

0.010
1.45

92.3

BpeGReg-Gb*-2

c2

70.0,53.1, 81.2

90.0, 93.2,90.0

42.3-1.55
(1.63-1.55)
145,853
42,168

6.8 (49.8)
9.8 (2.7)
97.6 (97.5)
3.5 (3.5)

15.6/20.4
307

(A: 5-158)
(B: 3-155)
3

171

0.017
1.81

98.7
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Figure 2. Ligand binding kinetics curves for AvGReg.

(A) Experimental curves of the CO-rebinding to AvGReg (black: 200 uM CO, red: 400 uM
CO, green: 600 uM CO, blue: 800 uM CO). The dependence of the pseudo-first order
constants of CO binding (konsco) to AVGReg on the relative ligand concentration is reported
in the inset. (B) Stopped-flow 0,/CO replacement experimental curves of AvGReg (black:
50% CO - 50% 0,, red: 60% CO - 40% O,, green: 70% CO - 30% O,, blue: 80% CO - 20% 0,).
The fast and the slow replacement phases are detectable for all the gas ratios used. (C)
Dependence of the apparent k; constants of O, binding to AvGReg on the relative ligand
concentration. (D) Dependence of the apparent ks constants of CO binding to AvGReg on
the relative ligand concentration. Experimental values are reported with open circles,

while the theoretical ligand-binding mechanism is represented with a straight line.
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Figure 3. Ligand binding kinetics curves for BpeGReg.

(A) Experimental CO-rebinding decays to BpeGReg (black: 200 uM CO, magenta: 400 uM
CO, green: 600 puM CO, blue: 800 uM CO) with the corresponding fitting curves (in red
color). The dependence of the second order constants of CO binding (kobsco) to BpeGReg
on the relative ligand concentration is reported in the inset. Experimentally obtained
values are indicated with closed (fast rebinding) and open (slow rebinding) circles, the
theoretical fitting lines are reported in red. (B) Dependence of the apparent k; constants of
0O, binding to BpeGReg on the relative ligand concentration. (C) Dependence of the
apparent ks constants of CO binding to BpeGReg on the relative ligands concentration
ratio. Experimental values are reported with open circles, while the theoretical ligand-

binding mechanism is represented with red lines.
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Figure 4. Enzymatic characteristics of the DGC activity of AvGReg.

(A) Reaction rate. (B) Summary of 3 independent measurements.
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Figure 5. Tertiary structures.

Ribbon representation of the tertiary structure of (A) AvGReg-Gb (green) and (B) BpeGReg-
Gb* (cyan). Helices are labelled accordingly with the globin fold nomenclature. The extra-
turn of the F helix of AvGReg-Gb is shown in magenta. Proximal His residues and Fe®'-
ligated water molecules are indicated. (C) Ca-trace overlay of the AvGReg-Gb A (green)
and BpeGReg-Gb* (cyan). Regions displaying the main structural differences are

highlighted.
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Figure 6. Quaternary structures.

Top view of (A) the AvGReg-Gb dimer, and (B) the BpeGReg-Gb* dimer, with the two
subunits interacting mainly through the G- and H-helices (helical bundle), shown as ribbon
models. The heme groups are shown in red. (C) Dimeric arrangement of BpeGReg-Gb*-2.
The dimeric interface involves the G- and H-helices as in the BpeGReg-Gb* dimer, but the
subunits are oriented differently. (D) Relative orientation of the B subunits of BpeGReg-
Gb* (blue) and BpeGReg-Gb*-2 (pink), after superimposing the two A chains (omitted in
the picture for clarity). The rotation of 60° is highlighted, taking the position of the G
helices as reference. (E, F) The heme group at the top of the BpeGReg-Gb*-2 dimer is
modelled in two conformations (green and yellow) with 0.5 occupancy each, with the Fe-

atom hexacoordinated to the His155 side chain of the two subunits of the dimer.
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lle104

BpeGReg-Gb*-2 (A) BpeGReg-Gb*-2 (B)
Figure 7. Proximal and distal sites.

The figure shows the main residues building the heme proximal and distal sites for (A)
AvGReg-Gb (A chain), (B) BpeGReg-Gb* (A chain), (C,D) BpeGReg-Gb*-2 (A and B chains).
The AvGReg-Gb and BpeGReg-Gb* distal sites host a water molecule (gray) coordinated to
the heme-Fe*'. In BpeGReg-Gb*-2 a coordination with Tyr43 is present in the A chain,

while an imidazole molecule is bound in the B chain.
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Supplementary legends
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Figure S1. Resonance Raman spectra of BpeGReg* and BpeGReg-Gb*.

RR spectra of BpeGReg* (a,b) and BpeGReg-Gb* (c,d) in the low-frequency region (A) and
high-frequency region (B). Traces (a,c) show the RR spectra of the proteins as purified
(oxygenated Fe(ll) state), traces (b,d) show the RR spectra of the dithionite-reduced
proteins (ferrous state). Wavenumbers marked with asterisk indicate reminiscent
contributions of dithionite as described in (8). These signals hamper the analysis of the

low-frequency region of the RR spectrum of BpeGReg-Gb*.
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Figure S2. Detailed Resonance Raman spectrum of 0,-AvGReg.

The figure zooms in on the region in which the Fe-O, modes are visible.
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Figure S3. UV/Vis absorption (A) and Resonance Raman (B,C) spectra of ferric AvGReg.

AvGReg was oxidized by addition of potassium ferricyanide. (A) The Soret and Q-bands
confirm the oxidation to a ferric low-spin form. However, the presence of a peak at 646
nm indicates that also partial degradation has taken place (formation of hemochrome
derivatives, like biliverdin). (B,C) The RR spectra are similar to those observed previously
for the in-vivo refolded TAvGReg (64). RR peaks confirm the assignment from (prominent
peaks at v3=1505 cm™ confirms the low-spin (hexa-coordination of the heme)).
Additionally, the observation of small peaks in the area of 545-565 cm™ indicate that some
of the proteins are still in the oxygenated ferrous form. Interestingly, the 573 cm™ peak
has disappeared indicating that this open configuration of the heme group oxidizes the

easiest.
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Figure S4. Ligand binding kinetics curves for AvGRegYB10F.

(A) Experimental curves of the CO-rebinding to AvGRegYB10F (black: 200 uM CO, red: 400

UM CO, green: 500 uM CO, blue: 600 uM CO, cyan: 800 uM CO). The dependence of the

pseudo-first order constants of CO binding (kobsco) to AvGReg YB10F on the relative ligand

concentration is reported in the inset. (B) Stopped-flow O,/CO replacement experimental

curves of AvGRegYB10F (black: 90% CO - 10% O,, red: 80% CO - 20% O,, green: 60% CO -

40% O,, blue: 40% CO - 60% 0O, cyan: 20% CO - 80% 0,). The fast and the slow

replacement phases are detectable for all the gas ratios used. (C) Dependence of the

apparent ks constants of O, binding to AvGRegYB10F on the relative ligand concentration.

(D) Dependence of the apparent ks constants of CO binding to AvGRegYB10F on the

relative ligand concentration. Experimental values are reported with open circles, while

the theoretical ligand-binding mechanism is represented with a straight line.





