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ABSTRACT. HemAT from Bacillus subtilis(tHemAT-B9) is a heme-based ensor protein that acts as a
signal transducer responsible for aerotaxis. HenBSIdiscriminates its physiological effector,Grom

other gas molecules to generate the aerotactic signal, but the detailed mechanism of the selective O
sensing is not obvious. In this study, we measured electronic absorption, electron paramagnetic resonance
(EPR), and resonance Raman spectra of HerB&Te elucidate the mechanism of selective €@nsing

by HemAT-Bs Resonance Raman spectroscopy revealed the presence of a hydrogen bond between His86
and the heme propionate only in the-@ound form, in addition to that between Thr95 and the heme-
bound Q. The disruption of this hydrogen bond by the mutation of His86 caused the disappearance of a
conformer with a direct hydrogen bond between Thr95 and the heme-boutithOs present in WT
HemAT-Bs On the basis of these results, we propose a model for selectiser3ing by HemATBsas

follows. The formation of the hydrogen bond between His86 and the heme propionate induces a
conformational change of the CE-loop and the E-helix by which Thr95 is located at the proper position
to form the hydrogen bond with the heme-boung ©his stepwise conformational change would be
essential to selective &ensing and signal transduction by HemB$-

Diatomic gas molecules such as dioxygen*QOcarbon HemAT is a heme-based,@ensor protein that functions
monoxide (CO), and nitric oxide (NO) can work as signaling as a signal transducer for bacterial aerotaXdis®). The
molecules with the cognate receptor proteins in biological HemAT monomer consists of two domains, a sensor domain
systems. The heme-based sensor proteins are the most generaihd a signaling domain. The sensor domain shows a globin
receptor proteins for these gas molecutes3). The heme fold containing a heme that acts as thgliinding site. The
in these proteins functions as the binding site for their effector signaling domain of HemAT interacts with a histidine kinase
gas molecules. These heme-based gas sensor proteins muptotein CheA, a component of the CheA/CheY two-
discriminate the effector from other molecules so as to take component signal transduction system that regulates the
a specific conformation only upon the binding of the effector direction of the flagellar motor rotatior8(10).
molecule. However, the discrimination of these gas molecules A specific conformational change of HemAT will occur
is difficult for heme proteins because, @O, and NO have  around the heme upon,®inding, and then intramolecular
similar size and can be bound to a reduced heme with asignal transduction takes place from the sensor domain to
similar coordination structure. The ligand discrimination the signaling domain. As a result, the self-kinase activity of
mechanism of the heme-based gas sensor proteins is not fullyCheA is regulated by a change in the HemATheA
understood yet. interaction via the conformational change of HemAT. This
signaling event takes place only with, ®ut not with other
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Ficure 1: Stereoviews of the heme environmental structures of
deoxy HemATBs (A) subunit A and (B) subunit B (pdb 10R6)
(9). The depicted residues are Tyr70, Leu92, Thr95, and His123,
and the amino acids with a polar side chain located within 5 A
from the heme propionates.

Tyr70 does not X12). The hydrogen-bonding interaction
between Thr95 and the heme-boungv@uld be responsible
for selective @ sensing and intramolecular signal transduc-
tion upon Q binding.

In this study, we characterized the coordination structure

Yoshimura et al.

(pH 8.0), the adsorbed proteins were eluted by 50 mM Tris-
HCI buffer (pH 8.0) containing 100 mM imidazole. The
fractions containing HemABswere combined and loaded
on a HiTrap Q HP column (Amersham Biosciences Corp.).
The column was washed with 50 mM Tris-HCI buffer (pH
8.0) containing 100 mM NaCl, and then Hem/A&-was
eluted by increasing the concentration of NaCl in the buffer.

HemAT-Bs was oxidized by adding a small amount of
potassium ferricyanide. Excess potassium ferricyanide was
removed by using a PD10 column (Amersham Biosciences
Corp.) with 50 mM Tris-HCI buffer (pH 8.0). Five times
excess amount of sodium dithionite was added into degassed
ferric HemATBs solution to make ferrous HemABs To
prepare CO-, NO-, and £bound HemATBs the ferrous
HemAT-Bs solution was exposed to CO, NO, and @xs,
respectively.

EPR spectra of NO-bound HemABs were measured at
20 K on a Bruker ESP300E spectrometer with a microwave
frequency of 9.5 GHz and a modulation amplitude of 5.0 G.

Resonance Raman spectra of HemB3were measured
as reported previouslyi@, 13). The excitation source was a
Krt laser (Spectra Physics 2060) at 413.1 and 406.7 nm for
the Q- and CO-bound forms and for the NO-bound form,
respectively. The scattered light was dispersed with a single
polychromator (Ritsu DG-1000) equipped with a liquid
nitrogen-cooled charge-coupled device camera. The Raman
shifts obtained were calibrated using indene and an aqueous
solution of potassium ferrocyanide. The laser power was 0.2
mW for the CO-bound form and 1 mW for the-Gand NO-
bound forms at the sample point.

of the heme and the hydrogen-bonding pattern on the heme- In the resonance Raman spectra gftfound HemATBs,

bound ligands and on the heme propionates i, QO-,
and NO-bound forms of the wild type (WT) and several
mutants of full-length HemATBs to investigate the mech-
anism of selective @sensing by HemATBs On the basis

of these results, we show that the formation of a hydrogen
bond between His86 and heme propionate 6 upphbiling

some isotopetfO, and*®0,)-insensitive bands overlap with
the Fe—O, stretching bands. Gaussian-bands fitting analyses
of the resonance Raman spectra of theb@und forms were
carried out with Igor Pro 5.03 for distinguishing the @,
modes from other isotope-insensitive modkE3 (The width,
peak position, and intensity ratio for the isotope-insensitive

causes a protein conformational change that allows Throsmodes were fixed for the fitting ofO, and *0, spectra.

to form a specific hydrogen bond to the heme-bound O

EXPERIMENTAL PROCEDURES

In this study, we used full-length HemABs with a
C-terminal His-tag, which was expressed i coli BL21-

RESULTS

The electronic absorption spectra of the CO-bound form
of WT, T95A, and Y70F HemATBs showed the Soref;,
anda peaks at 422, 542, and 566 nm, respectively (Figure

(DE3) under the control of the T7 promoter in the pET-24- S1A, Supporting Information). These spectra are typical of
(+) vector (Novagen). Site-directed mutagenesis was carriedCO-bound heme proteins with a 6-coordinated, low-spin
out using a QuikChange Site-Directed Mutagenesis Kit heme. All of the NO-bound form of WT, T95A, and Y70F

(Stratagene). For the expression of HemB3-the E. coli
cells were grown aerobically at 3T for 4 h in Terrific
Broth containing 3Qug/mL of kanamycin. The expression
was induced by the addition of isopropgyip-thiogalacto-
pyranoside to a final concentration of 1 mM, and then the
cultivation was continued at 2Z for 18 h. The cells were
harvested by centrifugation at 4ap@nd were stored at
—78 °C until use.

The cells were thawed and resuspended in buffer A (50
mM Tris-HCI buffer (pH 8.0) containing 15 mM glycine
and 1 M NaCl) and then broken by sonication. The resulting
suspension was centrifuged at 100 §@@ 20 min, and the
supernatant was loaded on &@Ncharged HiTrap Chelating
column (Amersham Biosciences Corp.). After washing the
column with buffer A, and then with 50 mM Tris-HCI buffer

HemAT-Bs gave the same spectra with the Sofetanda
peaks at 419, 548, and 575 nm, respectively (Figure S1B,
Supporting Information). These spectra are typical of a
6-coordinate, low-spin Fe(ll) nitrosyl heme with a proximal
histidine ligand, as seen in NO-bound myoglobin (MbJ)(
Figure 2 shows the EPR spectra of NO-bound HemAT-
Bs The first derivative spectrum witg = 2.08, 2.01, and
1.97 was typical of a 6-coordinated Fe(ll) nitrosyl herhg) (
(Figure 2A). The hyperfine coupling constants derived from
the nitrogen atoms of the heme-bound NO and the proximal
histidine were determined to g = 2.2 mT andA; = 0.6
mT, respectively (Figure 2B). The EPR spectra of T95A and
Y70F HemATBs were the same as that of WT (data not
shown). These results indicate the formation of a 6-coordi-
nated nitrosyl heme with a proximal histidine in the NO-
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Ficure 2: (A) First derivative EPR spectrum and the (B) second
derivative EPR spectrum of NO-bound WT HemBEin 50 mM
Tris-HCI buffer (pH 8.0). These spectra were recorded at 20 K
with the microwave frequency at 9.5 GHz and the modulation
amplitude at 5.0 G.
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Ficure 3: Resonance Raman spectra of CO-bound (a) WT, (b)
T95A, and (c) Y70F HemATBs (A) Fe—CO stretching bands in
the low-frequency region. (B) €0 stretching bands in the high-
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bound form, which is consistent with the results from
electronic absorption spectroscopy.

Fe—C and C-O stretching frequencies of CO-bound heme
proteins,veeco andvc—o, are sensitive and reliable markers

Biochemistry, Vol. 45, No. 27, 2008303

HemAT-Bs Two vc—o bands were observed at 1961 and
1945 cnt in Y70F HemATBs (Figure 3). Furthermore, a
weak shoulder around 510 chwas observed in there—co
region of Y70F HemATBs which may correlate with the
New vee co band observed at 1945 cf These results
suggest the existence of two conformers of- & unit with
different environments around the heme-bound CO in this
mutant.

In the crystal structure of subunit A in the deoxy form of
the HemATBssensor domainl(), the phenyl oxygen atom
of the Tyr70 side chain is just above the heme iron atom
with a distance of 5.8 A. This fact implies that the
nonbonding electron pair on the oxygen atom of the phenyl
group of Tyr70 would interact with the oxygen atom of the
heme-bound CO. The 5 crhlow-frequency shift seen in
theve—o band of Y70F HemATBs (thevc—o at 1961 cm?)
is consistent with the disappearance of this interaction by
the mutation. In addition, the oxygen atom of the Tyr70 side
chain is close to the carbonyl oxygen atom of Leu92 with a
distance of 2.9 A, which is consistent with the presence of
a hydrogen bond between Tyr70 and Leud)( The
disappearance of this hydrogen bond in the Y70F mutant
would cause a considerable conformational perturbation in
the distal heme pocket. The new—o band at 1945 cmi
and the weak shoulder at ca. 510 ¢nseen in this mutant
might be caused by this structural perturbation.

Zhang et al. reported that the Tyr70 mutants of the
HemAT-Bs sensor domain showed large dissociation con-
stants for the heme-bound,@nd proposed that Tyr70 would
form a hydrogen bond to the heme-boung @ the basis
of these results@). Our previous results, however, have
shown that Tyr70 does not form such a hydrogen bond in
the full-length of HemATBs (12). Their results imply that
Tyr70 is responsible for the fixation of the position of Thro95
that forms the hydrogen bond with the heme-bound O
Leu92 and Thr95 are located in the same helix, the E-helix.
If the hydrogen bond between Leu92 and Tyr70 disappear,
the position of the E-helix would be perturbed, resulting in
the low stability of the @bound form of Tyr70 mutants. In
addition, we have also shown that the hydrogen-bonding
pattern around the heme-bound i different between the
full-length and the truncated sensor domain of HenBg -
(12). These results suggest that the affinity of &d the
hydrogen-bonding interaction around the heme-bounar®
different between the truncated sensor domain and the full-

for the electrostatic environment around the heme-bound COlength of HemATBs

(16). Thevge—co andvc—o bands of CO-bound WT HemAT-
Bswere observed at 495 and 1966 ¢nrespectively (Figure
3). These values were similar to those of H6de(co =
490 cnTt, oo = 1968 cnl) and HB4L §reco = 490
cm L, ve—o = 1965 cmt) Mbs (17), but different from those
of WT Mb (Vvee-co = 512 cnT?, ve—o = 1944 cm?) (18).

N—O stretching frequencyyn—o, of NO-bound heme
proteins is also affected by the heme distal environments
(19). The vy—o bands of WT HemATBs was observed at
1636 cn! (Figure 4). This values was similar to that of the
vn—o Of HB64L Mb (vn—o = 1635 cn1?) but not to that of
WT Mb (vn—o = 1613 cml) (19). These results suggest

These results indicate that the heme-bound CO is in athat the heme-bound NO in WT HemABs is in a

hydrophobic environment without any hydrogen-bonding
interaction in WT HemAT-Bs

T95A HemATBsgaveve.co andvc—o values similar to
those of WT HemATBs indicating that the environment
around the CO in T95A HemABs is also hydrophobic
without hydrogen-bonding on the CO and that the mutation
of Thr95 makes little effect on the environment around the
heme-bound CO. However, Y70F Hem/Asshowed dif-

hydrophobic environment without any hydrogen bond on the
heme-bound NO.

The Fe-NO stretching modeyre—no, 0of NO-bound WT
HemAT-Bswas observed at 545 crh(Figure 4). Theve-
no band is not sensitive to the electrostatic environment of
the distal heme pockel®). Rather, the/eeno frequency is
reported to be dependent on the-ff¢—0O angle 20). This
frequency is lowered by decreasing the-fe-0O angle 0).

ferent resonance Raman spectra from those of WT and T95AThe vre—no frequency of NO-bound HemABs (545 cnt?)
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—365

have no hydrogen bond or a weak hydrogen bond on the
(S heme propionate.
L The additional¥(CsC.Cq) band at 383 cmi in Ox-bound
HemAT-Bs indicates the existence of a stronger hydrogen
g bond or a salt bridge on the heme propionate. This conformer
was observed only in the fbound form. To determine the
amino acid residues responsible for the 383 tivand, we

® prepared the following five mutants: H86A, S87A, RI1A,
M R118A, and R125A, in which every polar residue within 5
A from the heme propionates is mutated to alanine (Figure

RN SSNSMMMSMI 1). The 6(CsC.Cq) band at 383 cmt disappeared only in
320 340 360 380 400 420 440 Ox-bound H86A HemATBs whereas the other mutants
F 5: Resonance R?r:;;sggt;cct:qa of WT HemBgin the (a) (S87A, RILA, R118A, and R12Z5A HemASs showed
IGURE J: [
ferrous, (b) G-bound, (¢) NO-bound, and (d) CO-bound forms. alg:git.rgse dija?;?;g(?gcé;:_dzrhbeaggoaénf f)::\ngn;le:r? ir\th-f:e
spectrum of WT exhibitg a 5 cm* upshift by the mutation
. . of His86 and Ser87, both of which are located in the CE-
sBuggestlng that the FN -0 angle in NO-bound HemAT- loop near the heme propionate. This upshift of the 370%cm
sis lower than that in NO-bound Mb. . .
. . . band might be caused by a structural perturbation around
The bending mode of the heme propiona&€;C.Cy), in the heme propionate. These results indicate that His86 is the
the resonance Raman spectra of-lound HemATBs  (esidue that forms the hydrogen bond with one of the heme
showed a different feature from those of the ferrous, CO- propionates, probably the one at the position 6, and that the
and NO-bound forms. The resonance Raman spectra Ofyesidues in the CE-loop are responsible for maintaining the
ferrous, CO-, and NO-bound HemABs showed one  proper structure around the heme propionate.
6(CsCCq) band at 365, 373, and 375 cin respectively The Fe-O; stretching frequency region of the resonance
(Figure 5). However, in the £bound form, twod(CsCcCo) Raman spectrum of H86A HemABs was also different
bands were observed at 370 and 383 &nsuggesting that  from that of WT HemATBs We previously reported that
there are two species with different conformations around threeyr, o, bands were observed at 554, 566, and 572%cm
the heme propionates in,@ound HemATBs in O,-bound WT HemATBs (12). In H86A HemATBs the
Thed(CsC.Cy) band is sensitive to electrostatic interaction band at 566 cmt disappeared, and only the bands at 557
on the heme propionates, for example, hydrogen bonds andand 572 cm® were observed as shown in Figure 7. These
salt bridges 21). The stronger the electrostatic interaction bands were shifted to 538 and 554 énrespectively, upon
between the heme propionate and the surrounding residuesi®O, substitution. These isotope shifts of 19 and 18 &m
the higher the frequency of thiCsC.Cq) band @1). The were consistent with the previously reported values for WT
0(CsC:Cyq) band at 365, 373, 375, and 370 chin ferrous, HemAT-Bs and were in agreement with a calculated shift
CO-, NO-, and @-bound HemATBs respectively, are lower  value of 21 cm? (12). The *%0,—80, difference spectrum
than those of the corresponding forms of Mb (371, 377, 378, was also consistent with the result of the Gaussian fitting
and 378 cm! for the ferrous, CO-, NO-, and £bound analysis (Figure 7C). The difference in the-F@—0O bond
forms, respectivelyl9, 22—24)) in which moderate hydro-  angle affects the shift of the FeO, stretching mode upon
gen bonds exist on heme propionate2?)( These results  isotope substitution of £ which causes a slight difference
indicate that the conformers showing thé¢€;C.Cy) bands between the experimental and calculated values of the isotope

was lower than that of NO-bound Mb (558 cin(19)),
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proteins, such as CooA and sGC, alter the coordination
number (5-coordinate vs 6-coordinate) of the heme depending
~ on the species of heme-bound gas molecu?&s-27). The
proper coordination structure with the effector molecule
causes a protein conformational change that is essential to a
specific response to the cognate effectors. The heme of
HemAT-Bs however, has a 6-coordinate structure in all of
the G-, CO-, and NO-bound forms, indicating that HemAT-
Bs does not adopt this strategy for selective €@nsing.

Another possible strategy for heme-based gas sensor
proteins to discriminate the effector gas molecule is to form
a specific interaction between the heme-bound effector
molecule and neighboring amino acid residues. We have
reported that Thr95 forms the hydrogen bonds to the heme-
bound Q in the two conformers among the three in thg O
bound form (2). However, we have revealed here that no
hydrogen bond is formed on the heme-bound ligand in the
case of CO- and NO-bound HemA3s These results show
that hydrogen bonding between a heme-bound ligand and
Thr95 is specific in the @bound form, which supports the
idea that this hydrogen-bonding interaction is essential for
selective @ sensing by HemATBs

The crystal structure of the HemABs sensor domain in
the ferrous form shows that the distances between the
hydroxyl oxygen atom of Thr95 and the heme iron atom are
6.8 and 7.6 A in subunits A and B, respectivelyl). To
) form the direct hydrogen bond to the heme-boundT®ros
L AL AR AR LA AAAA SAMALAAR has to be located withi3 A from the heme iron. Although
530 540 550 560 570 580 590 the above distances in the ferrous form are too long to form

Raman shift/ cm a hydrogen bond, a direct hydrogen bond is certainly formed

Ficure 7: Resonance Raman spectra of (&p,-bound H86A . )
HemAT-Bsand (B)180,-bound H86A HemATBs The bold solid between Thr95 and the proximal oxygen atom of the heme

lines are the raw spectra. All traces except for the bold solid lines Pound Q (12). These results indicate that the formation of
were obtained by Gaussian band fitting analysis. The thin solid the hydrogen bond between Thr95 and the proximal oxygen
lines denote the contributions fromee—o2, Which were sensitive  atom requires a preceding conformational change of the distal

to the isotope substitution of OThe thin dotted lines are due 0 heme pocket that moves Thr95 to the suitable position to
the isotope-insensitive modes. The bold dotted lines are the SUMe i the hydrogen bond.

of the component bands. (Gj0,—180, difference spectra. The
broken line in the spectrum (C) is the difference spectrum obtained Because the ®bound H86A HemATBscannot form the

by Gaussian band fitting analysis. The bold solid line is the conformer with the direct hydrogen bond between Thr95 and
experimental difference spectrum. the proximal oxygen atom, the preceding conformational
alteration would be induced by the formation of the hydrogen
bond between His86 and heme propionate 6, as discussed
below. His86 is located in the CE-loop, which is adjacent to

Cc

shift. These results indicate that the loss of the hydrogen
bond between His86 and heme propionate 6 affects the

hydrogen-bonding interaction between the heme-boupnd O the E-helix that contains Thr95. The formation of the

and Thrgs. hydrogen bond between His86 and heme propionate 6, which
DISCUSSION tfa\kes place only upon {binding, will indupe a conforma-
tional change of the CE-loop. Then, this conformational
It is a critical requirement for heme-based gas sensor alteration of the CE-loop will propagate to the E-helix, finally
proteins to discriminate between the effector gas molecule shifting Thr95 to the proper position to form the direct
and other gas molecules. Some heme-based gas sensdrydrogen bond to the proximal oxygen atom. Thus, HemAT-

A
His86
“ONH,
N~ %
0,C
0C 2 “0,C
&CpCCq) =383 em’! ACpCCy) =370 em’! &CpCCy) =370 em’
Vee.0p = 566 cm’! Vke.02 = 554 cm’! Vee.02 =572 cm’!

Ficure 8: Proposed model of the heme environmental structure with different hydrogen-bonding interactigrsoun® HemATBs
The hashed lines indicate hydrogen bonds.
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Bswould cause a stepwise conformational change uppn O
binding.

If Thr95 were located in advance at the suitable position
to form the hydrogen bond to the heme-boundr©ferrous
form, Thr95 would also form a similar hydrogen bond to
the heme-bound CO and NO. In this situation, the hydrogen
bond between Thr95 and the heme-boundc@uld not be
used for selective ©sensing. The stepwise conformational
change upon @binding allows the hydrogen bond between
Thr95 and the heme-bound ligand to be specific for the O
bound form.

On the basis of these results, we propose the heme
environmental structure of Zbound HemATBs shown in
Figure 8. Three conformers exist in®ound HemATBs
with different hydrogen-bonding interactions on the heme-
bound Q, corresponding to the closed, openand operp
forms (12). The hydrogen-bonding interaction on the heme
propionate is also different in these three conformers. His86
forms the hydrogen bond to the heme propionate in the open
o form in which the direct hydrogen bond is formed between
Thr95 and heme-bound O His86 does not form the
hydrogen bond with the heme propionate in the closed and
openg forms in which Thr95 does not come close to the
heme-bound @

HemAT-Bs should undergo a sufficient conformational
change upon @binding for generating the aerotactic signal.
The formation of the open form involves a considerable
conformational change of the CE-loop and the E-helix,
suggesting that the opem form is the on-state for the
signaling. In the closed and opgriorms, the conformational
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