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Abstract: A variety of heme-containing gas sensor proteins have been discovered by gene
analysis from bacteria to mammals. In general, these proteins are composed of an N-termi-
nal heme-containing sensor domain and a C-terminal catalytic domain. Binding of O,, CO,
or NO to the heme causes a change in the structure of heme, which alters the protein con-
formation in the vicinity of the heme, and the conformational change is propagated to the
catalytic domain, leading to regulation of the protein activity. This mini-review summarizes
the recent resonance Raman studies obtained with both visible and UV excitation sources
for two O, sensor proteins, EcDOS and HemAT-Bs. These investigations have shown the
role of heme propionate hydrogen-bonding interactions in communicating the heme struc-
tural changes, which occur upon ligand binding, from heme to the protein moiety.
Furthermore, it is deduced that the contact interactions between the heme 2-vinyl group and
the surrounding residues are also important for signal transmission from heme to protein in
EcDOS.
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INTRODUCTION

Sensory proteins have physiological functions that enable cells to respond to external stimuli such as
light, voltage, and chemicals. Some of these proteins use cofactors to help in the detection of their input
signal. For instance, heme-based gas sensor proteins use heme cofactors in the detection of 0,, CO, or
NO [1-6]. In general, these proteins are composed of an N-terminal heme-containing sensor domain
and a C-terminal functional domain. The binding of 0,, CO, or NO to the heme changes the structure
of heme, which alters the protein conformation in the heme vicinity, and the conformational change is
propagated to the functional domain, leading to regulation of the protein activity. Representative pro-
teins in this category discovered so far are listed in Table 1. A heme-bound PAS is included in several
sensor proteins such as FixL from Rhizobium, phosphodiesterase Al from Acetobacter xylinum
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(AxPDEA1)*, direct oxygen sensor from Escherichia coli (EcDOS), and neural PAS domain protein 2
(NPAS2).

Table 1 Representative heme-based gas sensor proteins.

Target Protein Function Source

CcO CooA Transcriptional factor Rhodospirillum rubrum

CcO NPAS2 Transcriptional factor Mammalian brain

NO sGC Conversion of GTP to c-GMP Mammalian brain, lung, etc.
O, FixL Kinase Rhizobium meliloti

0O, DOS Phosphodiesterase Escherichia coli

0, PDEA1 Phosphodiesterase Acetobacter xylinum

0, HemAT Signal transducer for aerotaxis Bacillus subtilis

0, DosS Kinase Mycobacterium tuberculosis
0, DosT Kinase Mycobacterium tuberculosis

CooA and NPAS2 are CO-sensing proteins. CooA is a transcriptional factor from Rhodospirillum
rubrum that contains a CO-bound heme sensor domain and regulates the expression of the coo genes
associated with CO-dependent production of proteins [7-9]. NPAS2 is also a transcriptional factor, but
unlike CooA, it contains two heme-bound PAS domains in its N-terminus, and it binds to DNA along
with BMALI and regulates the circadian rhythm [10]. Soluble guanylate cyclase (sGC), which is a NO
sensor protein, catalyzes the conversion of guanosine triphosphate (GTP) to cyclic guanosine
monophosphate (c-GMP), an intracellular second messenger [11-13].

The O,-sensing proteins identified so far include FixL, AxPDEA1, EcDOS, MtDos, and HemAT.
FixL is an O, sensor protein that contains a heme-bound PAS domain as a sensor. The catalytic domain
of FixL serves as a protein kinase that phosphorylates the FixJ protein, which regulates the expression
of nitrogen fixation gene [14-16]. FixL is inactivated when O, binds to the heme of FixL, and this is a
mechanism that protects the nitrogen fixation proteins from oxidative damage. AxPDEAI1 has also a
heme-bound PAS domain as a sensor, and it catalyzes the hydrolysis of 3'.5'-cyclic diguanylic acid
(c-di-GMP), which is required for the activation of cellulose synthase in cellulose-producing bacteria
[17]. The MtDos is an O, sensing system recently obtained from Mycobacterium tuberculosis and con-
sists of a cognate response regulator, DosR and two-component O,-dependent histidine kinase, DosS
and DosT [18-21]. DosR induces a regulon consisting of around 50 proteins such as a-crystallin, which
is the major cell-wall protein in stationary-phase bacteria, and is associated with dormancy [22,23]. This
system (Dos S/T/R) is hypothesized to mediate the entry of this pathogen into dormancy and to adjust
the system along the environmental stimuli such as hypoxia and NO.

HemAT is a heme-based signal transducer protein responsible for bacterial aerotaxis [24-28]. The
HemAT monomer consists of two domains, a sensor domain and a signaling domain. The sensor do-
main has globin folds containing a heme that acts as the O, binding site. The signaling domain of
HemAT interacts with a histidine kinase protein CheA, a component of the CheA/CheY two component
signal transduction system that regulates a rotation direction of the flagellar motor [29-31].

*The abbreviations used are: AXPDEA, phosphodiesterase A1 protein from Acetobactoer xylinum; EcDOS, direct oxygen sensor
from Escherichia coli; ECDOSH, isolated heme domain of EcDOS; PDE, phosphodiesterase; c-di-GMP, 3',5'-cyclic diguanylic
acid; HemAT-Bs, HemAT from Bacillus subtilis; UVRR, ultraviolet resonance Raman; WT, wild-type; PAS, an acronym formed
from the names of proteins in which imperfect repeat sequences were initially recognized: PER, the Drosophila period clock
protein; ARNT, vertebrate aryl hydrocarbon receptor nuclear translocator; SIM, Drosophila single-minded protein; TR3, time-
resolved resonance Raman; Mb, myoglobin.
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EcDOS is composed of a heme-bound PAS domain as a sensor, and a PDE catalytic domain. As
EcDOS shows high sequence similarity to the heme domain of FixL, it was proposed to be a direct oxy-
gen-sensing protein as well [32]. However, Sasakura and coworkers found that EcDOS exhibits PDE
activity toward c-AMP, in a redox-dependent manner, and that the enzyme is active when the heme is
in the reduced form but inactive when the heme is oxidized [33]. Recently, however, its role as a gen-
eral gas sensor has also been put forward on the basis of moderate up-regulation of activity by CO, NO,
and O, toward c-di-GMP [34,35].

Resonance Raman (RR) spectroscopy is a powerful technique for studying heme proteins [36]. In
the visible excited RR spectra, several marker bands that are sensitive to the oxidation, coordination,
and spin states of heme are known [36-38]. Furthermore, assignments of the vibrational modes of
heme-peripheral side chains as well as iron-ligand and ligand internal stretching modes have been es-
tablished for exogenous ligands [39,40]. These bands are useful for the structural characterization of the
heme and its environment in proteins. When the excitation wavelength is within the UV region between
220-250 nm, the vibrational spectra of the aromatic side chains such as Tyr and Trp residues are selec-
tively obtained [41-43]. This would provide structural information about their conformations, local en-
vironments, and hydrogen-bonding interactions. Such kinds of specific information have been proved
to be essential to understand the structural mechanisms of a variety of heme proteins and other chromo-
proteins [44—47].

Elucidation of the communication pathway between heme and protein moiety is important to un-
derstand the chemistry of heme-sensor proteins. Recently, we have investigated this pathway with myo-
globin (Mb) as a model for gas sensory heme proteins by using UVRR spectroscopy. Figure 1 displays
the hydrogen-bonding networks in the vicinity of heme in Mb as revealed by Bartunik’s group with
X-ray crystallography [48]. The proximal His (His-93) forms hydrogen bonds with Ser92 and Leu89.
The heme 7-propionate forms hydrogen bonds with His97 and Ser92, whereas the heme 6-propionate
participates in a hydrogen-bonding network with Arg45, H,O, and His-64. We have found that the mu-
tations of the nearby residues or chemical modification of the propionate side chain of heme signifi-
cantly changes the conformation of Trp residues in the A helix of the globin, which are far from the
heme in Mb. It is deduced from this study that heme structural changes upon ligand binding in Mb are
communicated to the globin through heme propionates in addition to the Fe-His bond [45].
Accordingly, in this mini-review, we discuss specificity in gas-sensing and how the heme structural
changes occurring upon ligand binding/dissociation are transmitted from heme to the protein moiety in
the heme sensor domain and afterwards to the catalytic/signaling domain in both EcDOS and HemAT-
Bs proteins.

STRUCTURAL CHARACTERIZATION OF THE HEME ACTIVE SITE OF GAS SENSOR
EcDOS PROTEIN

The N-terminal of EcDOS consists of a heme-containing domain (residues 21-133, EcDOSH) and a
heme-free domain (residues 141-256). The RR spectra for heme of the EcDOSH domain indicated that
heme in both oxidized and reduced forms adopts six-coordinate low-spin states (6¢-ls) [49-51].
Figure 2 depicts the visible excited RR spectra of the oxidized (a) and reduced (b) forms of the full-
length EcDOS. They reflect the vibrations of the heme in EcDOS. The Raman bands of the oxidized
form at 1371, 1506, 1578, and 1641 cm™! (a) are assigned to v, V3, Vs, and Vi respectively, and their
frequencies indicate that the heme adopts a 6¢-Is state. The v, V3, and v,, and Vio bands of the reduced
form (b) are observed at 1362, 1494, and 1581 cm™!, respectively, suggesting a 6¢-Is type of heme.
These spectra are similar to those of EcDOSH domain [49-51], implying that the PDE domain hardly
affect the heme environment. In addition, by using RR spectroscopy in combination with site-directed
mutagenesis, it is proposed that His77 and Met95 residues are the heme axial ligands in the reduced
form of EcDOSH [33,50,52] and Met95 is displaced upon binding of an external ligand (O,, CO, or
NO) to the heme.

© 2008 IUPAC, Pure and Applied Chemistry 80, 2667-2678
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Fig. 1 Hydrogen-bonding network in the vicinity of heme of Mb [48]. Reprinted from ref. [45]. Copyright © 2006
American Society for Biochemistry and Molecular Biology.
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Fig. 2 RR spectra of the full-length WT EcDOS of the oxidized (a) and reduced (b) forms excited at 413.1 nm. The
sample concentration was 100 uM in 50 mM Tris-HCl buffer, pH 7.5.

The Vg,_o, band in the RR spectrum of O,-bound form is observed at 561 cm~!. This frequency
is lower than that of Mb and suggesting that heme-bound O, forms a strong hydrogen bond with nearby
residue [50]. On the other hand, for the CO- and NO-bound forms, both the hydrogen- and non-hydro-
gen-bonded conformations were coexisting and in the former Arg97 forms a hydrogen bond with the
heme-bound external ligand [53].

© 2008 IUPAC, Pure and Applied Chemistry 80, 2667—2678
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Fig. 3 X-ray structure of the EcDOSH (PDB ID: 1S66; ref. [55]). The heme environment is shown for both
O,-bound (upper) and reduced (lower) forms. Copyright © 2004 American Chemical Society.
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Fig. 4 X-ray structure of the O,-bound EcDOSH protein (PDB ID: 1S66; ref. [55]). Hydrogen bond networks
around iron-bound O, and heme propionates of EcDOSH are displayed with broken lines. Copyright © 2007
American Chemical Society.

The O,-bound form was changed to the oxidized form due to autoxidation. The RR spectrum of
oxidized form was also of 6¢-Is type and remained unchanged between pH 4.4 and 10.0 [50]. Thus, the
sixth ligand in the oxidized form would be strongly hydrogen-bonded water. Strongly hydrogen-bonded
water would be close to OH™ and therefore, may yield 6¢c-1s state in heme.

© 2008 IUPAC, Pure and Applied Chemistry 80, 2667-2678
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Recently, the X-ray crystallographic structures of the reduced, oxidized, and O,-bound forms of
the EcDOSH were determined and confirmed the structures deduced from RR spectra mentioned above
[54,55]; Met95 is an endogenous axial ligand of the reduced heme which is replaced by O, in the
O,-bound form, but is replaced by H,O (or OH") in the oxidized form (Fig. 3). Furthermore, Arg97
forms strong hydrogen bonds with heme-coordinated O,. Similar switching of the heme axial ligand ac-
companied by a redox change or binding of an external ligand has been reported for other heme sensor
proteins such as CooA, a CO sensor protein, in which the heme axial ligands in the reduced form are
His77 and Pro2 and those in the oxidized form are Cys75 and Pro2. In this case, Pro2 is replaced by an
exogenous CO molecule to allow binding to DNA [56].

As Arg97 in the heme distal side of EcDOS interacts with heme-bound O, after Met95 is replaced
by O,, the effect of mutating these residues on the PDE activity and the target specificity of EcDOS has
been explored [35]. Tanaka et al. found that R97A, R971, and R97E mutations do not significantly af-
fect the regulation of the PDE activities by CO- and NO-binding. The PDE activities of the O, bound
form of the mutants could not be determined due to rapid autoxidation and/or low affinity for O, [35].
In contrast, the activities of the gas-free M95SA and M95L mutants were similar to that of the gas-acti-
vated WT protein. Interestingly, the activity of the M95H mutant was partially enhanced by O,, CO,
and NO [35]. Spectroscopic analysis indicated that the reduced heme in the M95A and M95L mutants
is in the 5-coordinated high-spin state (5c-hs) but that in the M95H mutant is in the 6c¢-1Is state like that
in WT EcDOS [50,52,57]. These results suggest that Met95 coordination to the reduced heme is criti-
cal for locking the system and that global structural change around Met95 caused by the binding of the
external ligands or mutations at Met95 releases the catalytic lock and activates catalysis [35].

Liebl and coworkers [58] reported the CO-rebinding kinetics upon its photodissociation for WT
EcDOSH. They showed that Met95 binding to the heme occurs in 100 Us in competition with bimole-
cular CO recombination and is followed by subsequent replacement of Met95 by CO around 8 ms [58].
The mutation of Met95 and Arg97 significantly perturbs the dynamics of EcDOSH as indicated by the
time-resolved RR (TR?) results [53]. Specifically, in the absence of Met95, CO begins to rebind to the
heme near 100 ps. In R971 mutant, however, Met95 does not bind to the heme but CO rebinds. In R97E
mutant on the other hand, Met95 binding is much slower compared with that observed for WT, imply-
ing that the negative charge in side chains of Glu97 in RO7E probably raises the potential barrier for re-
binding of CO. It is deduced from these results that the electrostatic interactions of Arg97 with the
heme-bound ligand in EcDOSH would be crucial for regulating the binding of sixth ligand of heme. In
addition, the TR? results for Phel13 mutants also suggested that the steric but not polar interactions of
Phel13 in the heme distal site are critical for the Met95 binding to the heme prior CO recombination
[53].

COMMUNICATION PATHWAY BETWEEN HEME AND PROTEIN IN EcDOS

The crystal structure of the O,-bound form shows that Trp53 and Tyr126 are located near the 2-vinyl
and 4-vinyl side chains, respectively. In addition, heme 6-propionate constitutes a hydrogen bond net-
work with Asn84 and Tyr126 (Fig. 4). In fact, we have recently demonstrated that UVRR spectroscopy
is an ideal technique for monitoring conformational changes occurring upon ligand binding or redox
change through vibrational spectra of these aromatic residues in the heme surroundings [59,60]. For in-
stance, the UVRR results indicate that most of Trp and Tyr residues experience spectral changes upon
ligand binding or redox change. Specifically, Trp53 and Tyr55, which are present near the 2-vinyl side
chain, experiences environmental changes upon ligand binding or redox change [59,60]. The visible-
excited RR spectra also indicate that heme 2-vinyl group in EcDOSH undergo significant spectral
changes upon ligand binding or redox change. This implies that the interactions of heme 2-vinyl group
with the surroundings in EcDOSH protein are altered by the ligand binding or redox change [60].
Consequently, it is reasonable to suggest that the heme structural changes are communicated through

© 2008 IUPAC, Pure and Applied Chemistry 80, 2667-2678
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the 2-vinyl group to Trp53 and Tyr55 in the heme proximal side upon ligand binding or heme reduc-
tion.

Consistent with these results, the mutation of Trp53 and Tyr55 significantly perturbed the PDE
activities of the full-length EcDOS. Specifically, the activity of W53F is decreased by ~65 and 24 % in
the ligand bound and oxidized forms, respectively, compared with those of WT [59]. In addition, the
activity of Y55F is reduced by ~45 and 12 % in the oxidized and reduced forms, respectively, compared
with those of WT, while the activity is enhanced by ~37 and 10 % upon the binding of CO and O,, re-
spectively, compared with those of WT [60]. These results are important and may be related to signal
transduction mechanism of EcDOS, where Trp53 and Tyr55 are located near the Glu59-Lys104 salt
bridge at the surface of the sensor domain. This salt bridge is well conserved on the surface of general
PAS proteins, and it was proposed that the salt bridge plays an important role in the signal transduction
[61].

The UVRR results indicated that Tyr residues suffer large spectral changes upon ligand binding.
Most of these changes were assigned to Tyr126, which forms a hydrogen bond with Asn84 and heme
6-propionate in O,-bound form. Thus, large changes in heme 6-propionate hydrogen-bonding network
occur upon ligand binding. The mutation of Asn84 abolishes the UVRR spectral changes observed for
WT upon O,-binding [59]. Thus, Asn84 forms a hydrogen bond with Tyr126 in O,-bound form but not
in the reduced form. In fact, the visible-excited RR spectra of WT showed that the deformation vibra-
tion of heme propionate changes from 376 cm™! in the ligand-free form to 383 cm™! in the O,-bound
form, indicating that the propionate side chains are significantly influenced upon O, binding [50,60].
Indeed, the crystal structures of the reduced and O, forms of WT show that both of two propionates side
chains of heme rotate upon ligand switch from Met95 to O, [55]. The rotation of the 7-propionate side
chain is accompanied by rearrangement of the hydrogen-bonding network including Arg97 and heme-
bound O,. The rotation of the 6-propionate side chain may trigger the formation of the hydrogen bond
network between Asn84 and Tyr126 through the heme 6-propionate in the O,-bound form (Fig. 4).

Furthermore, it was shown that the cleavage of the Asp40-Arg85 salt bridge of EcDOS by muta-
tion of Asp40 abolished the PDE activity toward c-AMP [62]. Arg85 is an immediate neighborhood of
Asn84 (F-helix) and also contacts Tyr126 (IB)' Thus, the alteration in the heme 6-propionate hydrogen-
bonding network is expected to communicate the conformational changes from F-helix to I strand on
the surface of the sensor domain. Consistent with this idea, the PDE activities for the ligand-bound
forms of N84V and Y 126F mutants toward c-di-GMP are decreased by ~46—68 % compared with that
of WT [59]. Therefore, a part of the conformational changes that occur to the sensor domain upon lig-
and binding propagate to the PDE domain through the heme 6-propionate hydrogen-bonding network,
leading to the regulation of the enzymatic activity.

STRUCTURAL CHARACTERIZATION OF THE HEME ACTIVE SITE OF O, SENSOR
HemAT-Bs PROTEIN

The X-ray structures of the reduced unligated and oxidized cyanide-bound forms of the truncated sen-
sor domain of HemAT-Bs were determined [63]. The sensor domain protein maintains classic globin
folds and forms a homodimer. The active site of the sensor domain of the CN-bound form contains a
unique distal heme pocket surrounded by Tyr70, Thr95, and a water molecule. Because Tyr70 exhibits
distinct conformational changes in one subunit of the dimer when the ligand is removed, the symmetry
breaking of HemAT-Bs was proposed to play an important role in initiating the chemotaxis signal trans-
duction cascade [63]. The roles of the distal residues in the sensing mechanism of HemAT-Bs were fur-
ther investigated by RR spectroscopy in combination with site-directed mutagenesis [64,65].

We reported for the O,-bound WT HemAT-Bs that there are three O,-isotope sensitive bands
(Vpe_02) at 554, 566, and 572 cm! [64]. The band at 554 cm™! is deduced to arise from the species with
strong hydrogen bonds between the proximal and distal oxygen atoms of heme-bound O, and a protein
residue. The frequency of 566 cm™! implies the presence of moderately strong hydrogen bond between

© 2008 IUPAC, Pure and Applied Chemistry 80, 2667-2678
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the distal oxygen atom of heme-bound O, and a protein residue, and the Vg, _q, at 572 cm™! corresponds
to open form conformation in which the heme-bound oxygen does not form a hydrogen bond with the
surroundings. In addition, the visible-excited RR results demonstrated that T95A mutant has a single
conformation of the distal heme pocket, which would correspond to the open form with Vg, o, at
572 cm~! [64]. Thus, Thr95 is essential to maintain the closed form. In contrast, the mutation of Tyr70
causes little effect on Vg,_q, bands. Therefore, it is proposed that Thr95 forms hydrogen bond with
heme-bound O, but Tyr70 does not.

The bending mode of the heme propionate, S(CBCCCd), in the RR spectra of O,-bound HemAT-Bs
is observed at 370 and 383 cm™!, suggesting that there are two species with different conformations
around the heme propionates or that the two propionates of a single heme have different geometry [65].
The propionate-bending frequencies are correlated with the strength of the hydrogen bond between
heme propionate and the surrounding amino acid residues [66—68]. The stronger the hydrogen-bonding
interactions, the higher the frequency of the S(CBCCCd) band. The S(CBCCCd) band at 370 cm™! in the
O,-bound HemAT-Bs is lower than that of Mb in which moderate strength hydrogen bonds exist on
heme 7-propionate [69]. Thus, the conformer displaying this band has no hydrogen bond or a weak hy-
drogen bond on the heme propionate. On the other hand, the additional 8(CzC_C,) band at 383 cm~!in
O,-bound HemAT-Bs indicates the presence of a stronger hydrogen bond between the heme propionate
and the surrounding residue. This conformer was observed only for the O,-bound but not for CO- and
NO-bound forms. The propionate bending mode at 383 cm™! in the O,-bound form of HemAT-Bs dis-
appeared by mutation of only His86. Therefore, we proposed that His86 forms a hydrogen bond with
heme 6-propionate only in the O,-bound form [65].

Furthermore, the Fe-O, stretching frequency of H86A HemAT-Bs, for which the band at
566 cm™! disappeared but the bands at 557 and 572 cm™! were observed, was also different from that
of WT HemAT-Bs. These results indicate that the loss of the hydrogen bond between His86 and heme
6-propionate affects the hydrogen-bonding interaction between the heme-bound O, and Thr95.
Therefore, Yoshimura et al. proposed that His86 forms a hydrogen bond with a heme 6-propionate upon
binding of O, to the heme [65]. This hydrogen bond formation induces conformational changes of the
protein by which Thr95 is moved to a position suitable to form a hydrogen bond with the heme-coor-
dinated O,, while Tyr70 does not form a hydrogen bond with the heme-bound O,.

COMMUNICATION PATHWAY BETWEEN HEME AND PROTEIN IN HemAT-Bs

Full-length HemAT-Bs protein contains a single Trp (Trp132) and six Tyr (Tyr13, Tyr49, Tyr70, Tyr133,
Tyr148, and Tyr184) residues. Trp132 and Tyr133 are located in the proximal side of heme, but Tyr70
in the distal side, while Tyr49, Tyr148, and Tyr184 residues are far from the heme (Fig. 5A). Only
Tyr184 stays in the linker region between the sensor and the signaling domains. The UVRR results
demonstrated that Raman intensities of Trp132 and some Tyr residues change upon binding of differ-
ent ligands, but no frequency shift is observed for the UVRR bands [70]. These results imply that
Trp132 and some Tyr residues undergo appreciable environmental changes in hydrophobicity upon lig-
and binding. The UVRR results of Tyr mutants suggested that Tyr70 in the heme distal side and Tyr133
in the heme proximal side undergo hydrophobicity change upon ligand binding. Thus, both Trp132 and
Tyr133 from G-helix in the heme proximal side suffer environmental changes upon ligand binding.
Furthermore, it is suggested from the spectral comparison between the full-length and truncated sensor
domain proteins of HemAT-Bs that Tyr184 in the linker region exhibits small spectral change upon lig-
and binding, and the magnitude of its change seems to depend on a ligand species. This implies that
conformational change of the sensor domain upon ligand binding is communicated to the signaling do-
main through the linker region [70].

Yoshimura et al. proposed that a hydrogen bond is formed between His86 and heme 6-propionate
only when O, is bound to the heme [65]. The formation of this hydrogen bond induces conformational
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Fig. 5 X-ray structure of the CN-bound form of truncated HemAT-Bs protein (PDB ID: 10R4; ref. [63]). The heme,
Trp, Tyr, His86, Thr95, and His123 residues are explicitly represented in Panel A, where a hydrogen bond between
Tyr70 and heme bound-CN is depicted by a black broken line. Panel B shows the top view of the same protein,
which exhibits the flanking of the core helices, G, and H (four helix bundle). The helices are labeled in accord with
the nomenclature of the globin fold. Reprinted from ref. [70]. Copyright © 2008 American Society for
Biochemistry and Molecular Biology.

change in the heme distal side, by which Thr95 is displaced to a proper position to form a hydrogen
bond with the bound-O,. We have investigated the role of these hydrogen bonds in communicating the
heme structural changes which occur upon ligand binding, to the protein moiety. It is deduced from this
study that the removal of these hydrogen bonds in H86A and T95A mutants strongly perturb the con-
formational changes of Tyr70 (B-helix), Tyr133, and Trp132 (G-helix) in both the distal and proximal
sides of heme. Therefore, the UVRR results suggest that hydrogen bonds between Thr95 and heme-
bound O, and between His86 and heme 6-propionate in HemAT-Bs substantially contribute to commu-
nicate the structural changes of heme to the protein moiety in both B- and G-helices upon O,-binding
[70].

The conformational changes of G-helix residues are quite important and may be related to the sig-
nal transduction mechanism of HemAT-Bs. The G and H helices of the two subunits of homo-dimer
form an antiparallel four-helical bundle (Fig. 5B) and lie in the C-terminal region (the sensor domain),
and the H helices are apparently continuous to the extended helical structure of the signaling domain.
The crystal structure showed small displacements of the four-helical bundle upon CN-binding [63]. If
similar displacements of the helical bundle occur upon O, binding, it would trigger the transduction of
the conformational changes from the sensor domain to the signaling domain. Such helical bundle move-
ment mechanism has been proposed for methyl-accepting chemotaxis protein [71,72].

CONCLUDING REMARKS

Heme-based sensors are a class of allosteric proteins which regulate the enzymatic and DNA- and pro-
tein-binding activities in response to the presence of diatomic target molecules like CO, NO, or O,. In
this mini-review, we have discussed the RR spectroscopic results of EcDOS and HemAT-Bs proteins,
obtained in both visible and UV excitation sources in order to reveal (1) heme structural change upon
ligand binding, (2) conformational changes which occur to the protein moiety, and (3) how signal is
transmitted from heme to protein. The visible excited RR spectra have revealed that heme propionates
in both EcDOS and HemAT-Bs experience structural changes upon ligand binding. Specifically, the hy-
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drogen-bonding interactions of the heme propionates are altered in the O,-bound form. Heme 2-vinyl
group also suffers large changes upon ligand binding or redox change in EcDOS. Furthermore, the
UVRR results have shown that some aromatic residues which are located near to and far from the heme
undergo environmental changes upon ligand binding. Finally, the UVRR spectroscopy in combination
with site-directed mutagenesis demonstrated how the signal is transmitted from the heme to those aro-
matic residues upon ligand binding.
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