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We have identified a ligand (CO) accommodation cavity in the
signal transducer sensor protein HemAT (heme-based aerotactic
transducer) that allows us to gain single-molecule insights into the
mechanism of gas sensor proteins. Specific mutations that are
distal and proximal to the heme were designed to perturb the
electrostatic field near the ligand that is bound to the heme and
near the accommodated ligand in the cavity. We report the detec-
tion of a second site in heme proteins in which the exogenous
ligand is accommodated in an internal cavity. The conformational
gate that directs the ligand-migration pathway from the distal to
the proximal site of the heme, where the ligand is trapped, has
been identified. The data provide evidence that the heme pocket
is the specific ligand trap and suggest that the regulatory mech-
anism may be tackled starting from more than one position in the
protein. Based on the results, we propose a dynamic coupling
between the two distinct binding sites as the underlying allosteric
mechanism for gas recognition�discrimination that triggers a con-
formational switch for signaling by the oxygen sensor protein
HemAT.

docking site � FTIR spectroscopy � gas sensor proteins

The recognition and discrimination of diatomic gases that
affect biological processes through the perturbation of pro-

tein function is a formidable challenge toward our understanding
of the molecular mechanisms involved in signal transduction by
heme-based sensor proteins (1, 2). Based on extensive studies of
myoglobin (Mb) and Hb, there is a general consensus now that
internal cavities in proteins are involved in controlling the
dynamics and reactivity of the protein reactions with small
ligands, such as O2, CO, and NO, usually through ligand accom-
modation (3–5). These cavities serve as a local storehouse for
ligands near the active site, thereby increasing the effective
concentration of the ligand by many times. In addition to having
a functional role in ligand binding, they are important for
determining relative affinities. In these studies, it has been
assumed that the proteins have preexisting cavities that are
modestly perturbed upon photodissociation of the ligand. How-
ever, the accommodation of the ligand in the cavities before its
photodissociation has never been observed. The internal cavities
and their potential fields determine the discrimination in favor
of or against ligand binding; therefore, the measurement of
unligated CO can be used to predict the parameters of physio-
logical ligands. In the heme-based oxygen sensors such as
HemAT (heme-based aerotactic transducer), the recognition
and discrimination of the specific gas leads to either activation
or inhibition of a regulated domain (6–11). Although the heart
of signal transduction is the switching of proteins between active
and inactive states, little is known about the molecular pathways
involved in intramolecular signal transduction by gas sensory
proteins.

In HemAT, the heme domain has a recognizable sequence
homology with the oxygen-storage (SWMb, sperm-whale Mb)

and oxygen-transport (Hb) proteins, in which extensive studies
on the internal cavities have revealed profound information
regarding the reequilibration among conformational substrates
that are known to play an essential role in controlling protein
function (7). In an effort to explore the recognition and dis-
crimination of diatomic gases by HemAT, we have used FTIR
spectroscopy to characterize the CO-bound complex of the
sensor domain protein, as well as the distal-to-the-heme mutants
R91A, T95A, Y70F, L92A, L92V, and L92F and the proximal-
to-the-heme mutant Y133F (Fig. 1). The results show the
accommodation of an exogenous ligand in a protein cavity of a
heme protein. In HemAT, the cavity is located in the proximal
environment of the heme, near the Y133 residue. The gateway
of the ligand from the heme Fe to the cavity is through the distal
L92 residue, providing strong evidence of the presence of a large
channel (in contrast to Mb and Hb) that facilitates ligand
passage. The characterization of such a conformational gate that
directs the ligand-migration pathway from the heme Fe into the
cavity provides key information for understanding the correlated
motions in individual molecules. The concerted or sequential
conformational changes induced to the protein upon ligand
binding suggest a dynamic cascade of events that are essential for
function. Given the highly dynamic behavior of the chemore-
ceptors, the present data identify functionally important protein
motions in HemAT for understanding the molecular mecha-
nisms involved in gas recognition�discrimination and regulation
by heme-based sensors.

Results
The process of ligand docking in a cavity upon photolysis of the
ligand from the heme Fe and, thus, the direct observation of
intermediate states have been reported in Mb, Hb, and ba3-
oxidase (3–5, 12–16). The mid-IR dynamic experiments on Mb
have revealed the initial locations of photodissociated CO within
a distal docking site through the identification of the B1 (�CO �
2,130 cm�1) and B2 (�CO � 2,120 cm�1) states (3–5). In the
photorelaxed state, the docked CO is located in the proximal site
(14–16).

FTIR Spectroscopy. In addition to the open (no interaction with the
distal protein environment) and closed (interaction with the
distal protein environment, including H bonding) protein forms
of the CO-bound sensor domain HemAT detected at 1,967 and
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1,928 cm�1, respectively, another mode is observed, at 2,065
cm�1 (Fig. 2, trace A). The same mode has also been observed
in all distal mutant proteins (Fig. 2, traces B–D) that we have
examined, with the exception of L92A (Fig. 2, trace E), L92V,
and L92F (Fig. 6a, which is published as supporting information
on the PNAS web site). The 13CO sensitivity (�13CO � 2,018
cm�1) of this band and its insensitivity to H�D exchanges is
shown in Figs. 7 and 8, which are published as supporting
information on the PNAS web site. In Y133F (Fig. 2, trace F),
this mode is up-shifted, and it is observed at 2,069 cm�1. The
frequency of the CO that we have detected under static condi-
tions is close to that detected under photolytic conditions (see
below); therefore, we assign it to a thermally dissociated state of
HemAT in which the ligand is docked in a cavity of the protein.
It is has been shown recently that the frequency of the ‘‘docked’’
CO depends markedly on the structure and charge of the amino
acid side chains surrounding the ligand (5). In the photolysis
experiments of Mb, the �CO at 2,130 cm�1 in the B1 state has been
attributed to a direct H-bonding interaction of His-64 N����C–O,

whereas the B2 state at 2,120 cm�1 has been attributed to a
N–H���O–C interaction (5).

Density Functional Theory. We have applied density functional
theory to investigate the effect of charged residues on �CO of a
docked CO molecule in a protein cavity. Because of the nature
of these cavities, theoretical calculations have to be performed
on simplified models with a restricted number of atoms. In these
models, the charged residues in the protein cavity are repre-
sented by NH4

� (e.g., the arginine side chain) and HCOO� (e.g.,
aspartic acid).

Fig. 3 shows the models in which the free CO interacts with (i)
HCOO� (model A, HCOO–CO), (ii) a simple molecule that
provides both carboxyl and amino groups, such as Gly (model B),
and (iii) NH4

� (model E, NH4
�-CO; model C, CO-NH4

�). In the
case of two NH4

� molecules (model not shown), two unconstrained
NH4

� molecules strongly repel each other, whereas a constrained
model (with fixed N���CO���N distances) exhibits a large positive
binding energy. Models A1–A8 show the effect of the C–C distance
(negative charge near CO) on �CO. In model A, the C–C distance

Fig. 1. Schematic representation of the docking site before and after ligand photodetachment.

Fig. 2. FTIR spectra of CO-bound sensor domain HemAT proteins at pH 8.5 and T � 298 K. Labeling is as follows: trace A, WT; trace B, R91A; trace C, T95A; trace
D, Y70F; trace E, L92A; trace F, Y133F.
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is optimized at 2.98 Å without using constraints, whereas models
A1–A8 have constrained C–C distances of 3.08, 3.18, 3.58, 3.78,
3.98, 4.18, 4.38, and 4.58 Å, respectively. All models except for
A1–A8 are optimized without constraints. In model B, in which
both the amino and carboxyl groups interact with the CO, the
carboxyl group is deprotonated, whereas the amino group is
neutral. Model C contains hydrogen-bonding interaction in addi-
tion to the positive charge effect on CO.

Fig. 3 shows the calculated �CO trend versus the model.
Positive charges around CO increase �CO, whereas negative
charges decrease it. Straub and Karplus (17) have calculated the
�CO shifts in different CO–imidazole dimmer complexes at the
4–21G basis set level to vary between �17 cm�1 (H bonding
C–O���H–N) to �36 cm�1 (N–H���C–O). Moreover, Nutt and
Meuwly (18) have implemented molecular dynamics simulations
on the photodissociated state of carboxymyoglobin based on a
three-site charge model for CO to calculate the IR spectra of the
free CO molecule in the heme pocket (18). The IR spectrum
obtained exhibits peaks between 2,170 and 2,200 cm�1, corre-
sponding to the signal from a single CO molecule docked in Mb.
These signals are sensitive to the precise position and orientation
of the CO molecule, as well as to the effect of the environment
of the protein matrix (Mb) on the CO molecule. In general, the
stretching frequencies �CO of heme-bound and photodissociated
CO serve as powerful tools to probe the electrostatic fields and
accessible space in the vicinity of the CO molecule inside the
protein matrix. The docked, photodissociated CO ligands in the
protein matrix display IR peaks, providing strong evidence for
the existence of structurally well defined docking site(s). In
analogy to the bound CO forms, the �CO of the docked CO is
affected by the local environment through Stark effects of the
local electric field acting on the CO dipole (5). In the photo-
product state, only a percentage of the ligand can be trapped in
the docking site(s) in the time it takes to collect an FTIR
spectrum (�100 s), and the photodissociated ligands produce
much less intense peaks than those observed for the heme Fe-CO
bound forms. Because we do not have evidence for the detailed
protein environment of the docked CO in HemAT (in contrast
to Mb), we have constructed an empirical diagram of �CO to

investigate the effect of positive or negative charges and that of
H-bonding interactions to different orientations of CO. The
empirical diagram shows a significant variability in �CO ranging
from 2,047 cm�1 (interaction with only a negatively charged
COO� group) to 2,216 cm�1 (interaction with only a positive
charge). The calculations also show that �CO appears in the range
of 2,047–2131 cm�1 at �10-cm�1 steps when the CO distance to
a negatively charged carboxyl group is varied. The combined
interaction of carboxyl and amino groups to CO has a strong
effect on �CO, as shown by the 88-cm�1 down-shift from 2,143
cm�1 of gas CO, even though CO is not interacting directly with
the deprotonated carboxyl. Our calculated vibrational frequen-
cies are consistent with the Badger’s rule: re � cij(1��e

2/3) � dij,
where re is the equilibrium distance C–O and �e refers to �CO
(Fig. 9, which is published as supporting information on the
PNAS web site). The empirical parameters cij and dij were
calculated to be 61.535 and 0.767, respectively.

Although we do not have evidence for the orientation of the
docked CO in HemAT, the �CO at 2,065 cm�1 indicates that it
exhibits interactions that substantially weaken the C–O bond.
We exclude the possibility of H-bonding interactions of the
docked CO with H2O because the 2,065-cm�1 mode is insensitive
to H�D exchanges (Figs. 7 and 8). The observation of �CO �
2,069 cm�1 in the Y133F mutant indicates that the frequency of
the ligand is slightly disturbed from its value in the WT and in
the distal protein mutants. The small but detectable shift in the
frequency of CO in the Y133F mutant indicates the lack of direct
interaction of the ligand with the F133 residue. It appears that
the Y133F mutation induces a conformational change near the
environment of the accommodated ligand, resulting in the small
frequency shift we have observed. This finding provides unprec-
edented evidence of a preexisting cavity that accommodates a
ligand in a protein. The absence of the 2,065-cm�1 mode in the
L92A, L92V, and L92F mutants shows that if this residue is
mutated, it blocks the thermally dissociated ligand from the
heme to the cavity. Evidently, conformational f luctuations in-
duced by the L92A, L92V, and L92F mutations create a high
thermal barrier to dissociation and consequently slow the ligand
off rate. Taken together, the static FTIR data indicate the

Fig. 3. Empirical diagram showing the effect of positive and negative charges to �CO.
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presence of a conformational gate in the distal-to-the-heme L92
environment that directs the thermally dissociated CO to the
protein cavity.

Photolysis FTIR Spectroscopy of the CO-Bound HemAT Proteins. Fig. 4
shows the light (416 nm)-minus-dark FTIR difference spectra of
the WT sensor domain HemAT and R91A, T95A, Y70F, L92A,
and Y133F mutant proteins. The difference spectrum of the WT
HemAT (Fig. 4, trace A) shows that, upon CO photolysis
(negative band at 1,967 cm�1), the 2,065-cm�1 mode has gained
intensity as compared with that obtained under static conditions
(Fig. 2, trace A). This observation indicates that the photolyzed
CO from the heme Fe is trapped within the same cavity that is
located near the Y133 residue. The observation of the 2,065-
cm�1 mode in the R91A (Fig. 4, trace B) and Y70F (Fig. 4, trace
D) mutants indicates that these residues have no direct control
in the pathway of the photolyzed CO from the heme Fe to the
cavity. In Y133F (Fig. 4, trace F), the observation of the
2,069-cm�1 mode upon photolysis further supports our assign-
ment that Y133 induces a conformational change to the envi-
ronment that accommodates CO. In T95A (Fig. 4, trace C), in
addition to the 2,065-cm�1 mode, a weaker mode is observed at
2,138 cm�1. The frequency of the 2,138-cm�1 mode is close to the
free-gas value of CO (2,143.3 cm�1) and very similar to that
found in Mb, characterizing the B1 state in which the CO is
trapped into a docking site located above the pyrrole ring C of
the heme (3–5). Accordingly, we assign the 2,138-cm�1 mode
to the B1 state in which the CO is funneled into a docking site
in the vicinity of the A95 residue. In contrast to the photolytic
activity and properties of the WT and all other mutant proteins
that we have examined, in the L92A (Fig. 4, trace E), L92V, and
L92F (Fig. 6b) mutants, the 2,065-cm�1 mode is absent. This
finding further supports our conclusions that L92 mutations
keep the gateway closed for thermal dissociation, as judged from
the absence of the 2,065-cm�1 mode (Fig. 2, trace E; see also Fig.
6a). It also provides unprecedented evidence that, in heme
proteins, the gateway for ligand photodissociation is the same as

that for the thermal dissociated ligand. In the most extensive
photolytic studies of Mb and Hb, it has been always assumed that
the proteins have preexisting cavities that are modestly per-
turbed by the photodissociated ligand (3–5). A schematic rep-
resentation of the docking site in HemAT before and after ligand
photodetachment is shown in Fig. 1.

We suggest that the long-lived docked CO causes equilibrium
(under static conditions) and transient (under photolytic con-
ditions) large-scale protein fluctuations near the Y133 residue.
Protein fluctuations create exit channels through which ligands
migrate into other internal cavities, from which they finally
escape from the protein. Such protein fluctuations in the distal
and proximal environment upon ligand binding have been
proposed to initiate a cascade of events toward signal transduc-
tion in HemAT (7, 8, 11).

Discussion
Conformational Gating of Ligand Migration and Accommodation. The
ligand accommodation to an internal cavity of HemAT at
physiological temperature provides direct confirmation for the
functional relevance of such a cavity. The results on static
CO-bound HemAT complex reveal an obvious protein channel
that is large enough to facilitate ligand passage to the cavity. The
migration of the photolyzed CO to the same cavity demonstrates
the limited role of the diatomic ligand in forcing its way by
pushing side chains to occupy different sites�cavities in the
protein. The conformational gate that directs the ligand-
migration pathway of both thermal-dissociated and photodisso-
ciated CO is L92. Our observations do not distinguish between
synchronous or asynchronous internal motions of the distal and
proximal conformational gates. It is certain, however, that in the
case of the migrated photodissociated ligand to the cavity, the
structure and conformational f lexibility of the amino acid res-
idues in the ligand pathway are tuned to optimize the reversible
binding of the ligand to the heme Fe. Similarly, the distal-to-
the-heme amino acids also retain conformational f lexibility to
allow the rebinding of the ligand to the heme Fe. These

Fig. 4. Light (416 nm)-minus-dark FTIR difference spectra of CO-bound sensor domain HemAT proteins at ambient temperatures. Labeling is as follows: trace
A, WT; trace B, R91A; trace C, T95A; trace D, Y70F; trace E, L92A; trace F, Y133F. Inset shows the 2,040- to 2,160-cm�1 region �10.
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observations unveil functional protein motions and illustrate at
an atomic level the relationship among protein structure, dy-
namics, and function.

The static structures of thousands of proteins are known, but
function requires motion. It is important to know that there is not
a single protein whose function is fully understood at an atomistic
level. T95A HemAT demonstrates how structural changes near
the active site can have large functional effects. Replacing T95
with A95 decreases the volume of the distal cavity in which the
ligand becomes transiently trapped after dissociation. The pic-
ture that emerges from L92A, L92V, and L92F shows how a
relatively small structural change near the active site can have
large functional effects. Indeed, in these mutants, we have not
observed CO in the cavity. In the work presented here, the
interplay between two conformational gates of ligand migration
and ligand accommodation has been characterized. The first one
describes the gating from the heme Fe through the distal amino
acid residues to the cavity, whereas the second describes the
gating of the ligand to the environment of the cavity. It remains
to be established whether concerted or sequential motions of the
protein residues are necessary for such gating and whether there
is a coupling between them that leads to an extended internal
conformational change. Given the similar size and polarity of O2
and CO, O2 migration to the docking site is expected. The same
docking site that shelters CO and the photodissociated CO from
the heme Fe is expected to trap O2. This way, protein fluctua-
tions in both the distal and proximal-to-the-heme environments
are expected to occur in the presence of the physiological O2
ligand. Structural information on the communication pathway
between the heme upon ligand binding and the protein is
necessary for a better determination of the molecular pathways
involved in the intramolecular signal transduction.

Physiological Relevance. Why does HemAT contain a well defined
docking site? Dissolved O2 must compete with water to bind to
HemAT, and oxy-HemAT has a water molecule in the distal
ligand-binding site. Because the concentration of water is much
higher than that of O2 in oxygen-saturated solutions, the cavity
(second binding site) may serve as a local storehouse of O2 near
the heme Fe site, thereby increasing the effective oxygen con-
centration of the first binding site (heme Fe) by many times.

Thus, the cavity in HemAT that is located near Y133 appears to
have a functional role in ligand binding and may be important not
only for the kinetics of ligand binding but also for determining
relative affinities. Because the fluctuations connecting the cavity
and the heme Fe-binding site determine accessibility, fast f luc-
tuations of side chains may have an evolutionarily conserved
survival value. The role of hydrophobic cavities as a means of
controlling protein function may be a general feature in gas
sensory proteins.

It is anticipated that both binding sites are responsible for the
kinetic control of ligand motion�binding and escape. The simul-
taneous observation of the binding sites can also be used to
evaluate the ligand input and escape pathways and suggests a
pathway connecting the two binding sites. The data presented
here, and those previously reported, suggest that although the
heme cavity recognizes ligands such as O2, CO, and NO, the
conformational changes induced upon ligand binding are not
similar, and, thus, only the binding of O2 induces the necessary
conformational changes that are subsequently transmitted to the
effector domain (7–8, 10–11, 19, 20). We have recently shown
(19) that R91 is not involved in any kind of structural changes
that influence the ligand recognition and discrimination. The
behavior of T95 and Y70 upon binding of O2, CO, and NO to the
heme Fe produces distinct conformations, indicating that these
residues are the major contributors toward ligand recognition
and discrimination. On the other hand, L92 induces the neces-
sary structural changes to T95 and Y70 for the formation of the
NO-bound conformations, exhibiting interaction with the distal
residues and with the conformations exhibiting no interaction.
For the CO-bound ligand, L92 generates the necessary structural
changes to the distal environment to maintain the H-bonded
conformer. These data demonstrate the unique specificity and
tuning of the distal amino acid residues of the E helix in
constructing the necessary conformational changes toward li-
gand recognition.

We suggest a dynamic population shift between two preexist-
ing conformations (allosteric activation) in the protein that
involves the E helix (Y70 and T95) shown in Fig. 5 and Y133 as
the underlying mechanism of activation, and we suggest that only
oxygen, which regulates signal transduction pathways, triggers
the conformational switch. This way, upon ligand binding to the

Fig. 5. X-ray protein structure according to ref. 7. A ribbon model of HemAT with the proximal-to-the-heme and distal-to-the-heme residues is shown.
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heme Fe, the induced conformational changes are transmitted to
the E helix and, in conjunction with the conformational changes
produced by the presence of the ligand in the docking site, are
communicated to the effector domain. Our observation of the
docking site near Y133 in both the sensor domain and full-length
HemAT (Fig. 10, which is published as supporting information
on the PNAS web site) further supports our proposal for the role
of the second binding site in intramolecular signal transduction
in HemAT. The stabilization of such conformations may be a
fundamental paradigm for specific recognition�discrimination
of diatomic gases by heme sensor proteins. Further studies on the
dynamics in defined structural states, combined with the knowl-
edge of the active and inactive conformations, are necessary for
the direct observation of the functional conformational-
equilibrium process. Time-dependent conformational changes
to unveil the structural basis of the resultant conformational
relaxation governing ligand migration through the matrix will
help to elucidate this process.

Methods
Expression and Purification of HemAT. HemAT was expressed in
Escherichia coli BL21 (DE3) under the control of the T7 promoter
in the pET24(�) vector (Novagen, Madison, WI). HemAT was
obtained as a C-terminal 6�His-tagged protein. All mutants were
prepared by using the QuikChange Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, CA). The E. coli BL21 (DE3) harboring the
expression vector was grown aerobically at 37°C for 4 h in Terrific
Broth medium containing 30 �g�ml kanamycin. The expression
was induced by adding 1 mM isopropyl-1-thio-D-galactopyranoside,
and then the cultivation continued at 22°C for 18 h. The cells were
harvested by centrifugation at 4,000 � g and stored at �78°C until
use. Purification of HemAT was carried out as follows. The cells
were thawed and resuspended in 50 mM Tris�HCl buffer (pH 8.0)
containing 15 mM glycine and 1 M NaCl and then were broken by
sonication. The resulting suspension was centrifuged at 100,000 �
g for 20 min, and the supernatant was loaded on a Ni-charged
HiTrap Chelating column (GE Healthcare, Piscataway, NJ). After
washing the column with 50 mM Tris�HCl buffer (pH 8.0) con-
taining 15 mM glycine and then with 1 M NaCl and 50 mM Tris�HCl
buffer (pH 8.0), the adsorbed proteins were eluted by 50 mM
Tris�HCl buffer (pH 8.0) containing 100 mM imidazole. The
fractions containing HemAT were combined and loaded on a
HiTrap Q HP column (Amersham). The column was washed with
50 mM Tris�HCl buffer (pH 8.0) containing 100 mM NaCl; then,
HemAT was eluted by increasing the concentration of NaCl in 50
mM Tris�HCl buffer (pH 8.0).

FTIR Spectroscopy. Dithionite-reduced samples were exposed to 1
atmosphere (atm) of CO (1 atm � 101.3 kPa) (1 mM) in an
anaerobic cell to prepare the carbonmonoxy adduct and loaded
anaerobically into a cell with CaF2 windows and a 0.015-mm
spacer. CO gas was obtained from Messer (Krefeld, Germany),
and isotopic CO (13CO) was purchased from Isotec (Miamis-
burg, OH). The pD (pH � 0.4) solutions prepared in D2O
buffers were measured by using a pH meter and assuming pD �
pH (observed) � 0.4. FTIR spectra were obtained from 1 mM
samples with an Equinox 55 FTIR spectrometer (Bruker,
Ettlingen, Germany) equipped with a liquid-nitrogen-cooled
mercury cadmium telluride detector. The FTIR spectra were
obtained as differences, using the buffer as a background, and
each spectrum is the average of 1,000 scans. The photolysis light
(416 nm, 10 mW) was provided by a diode laser (TOptica,
Munich, Germany). The light (416 nm)-minus-dark FTIR dif-
ference spectra are the average of 5,000 scans. Optical absor-
bance spectra were recorded before and after FTIR measure-
ments to assess sample stability with a Lamda 20 UV-visible
spectrometer (Perkin-Elmer, Bodenseewerk, Germany).

Density Functional Theory. For each structure considered, a full
geometry optimization was performed by using the density
functional B3LYP method. We used the 6–31g (d,p) double-�
valence basis set augmented with p-PGTOs on H atoms, as
implemented in the Gaussian 03 software package (21). When
vibrational frequencies are calculated by electronic structure
theory, they can often be improved by scaling, and it is useful to
have general scaling factors. Such factors depend on the level of
electronic structure theory and the one-electron basis set. It has
been established that calculated frequencies may be scaled in
various ways (22). For example, one scaling factor is applied to
reproduce the true harmonic frequencies, the true fundamental
frequencies, or the zero point energy. To accurately reproduce
the experimental �CO of interaction-free gas CO, a scaling factor
of �0.9703 was used for the theoretically calculated �CO. A scan
for �CO using different basis sets starting from 6–31g (d,p)
through 6–311g��(2df, 2pd) showed identical trends (�10
cm�1) for �CO concerning the environmental effect. Solvation
effects count for only a 5-cm�1 theoretical shift and, thus, were
not taken into account.
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