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Specific sensing of gas molecules such asNID, and CO is a A
novel function of hemoproteins: while hemoproteins carry out a '
wide variety of functions such as oxygen storage/transport, electron
transfer, and catalysis as enzymes. Hen®slis a heme-based
signal transducer protein responsible for aerotaxisBatillus
subtilis which detects oxygen and transmits the signal to regulatory
proteins that control the direction of flagella rotati@O and NO
are also caught at the same position as it the signals would
be differentiated. Binding of oxygen to the sensor domain of this
protein is supposed to alter the protein conformation in the vicinity
of heme, which is propagated to the signaling domain through the
linker region in a way different from the other case in binding of
other gases. For the cooperative oxygen binding of hemoglobin
(Hb), a proximal allosteric pathway is emphasized, because the
strain on the FeHis bond determines the T and R statdéfsuch
a proximal pathway is the only way to convey the information of
ligand binding, @ may not be distinguished from CO, because both
molecules form similar six-coordinate (6¢) heme complexes in terms
of the proximal geometry. In the case of a physiological NO receptor

hemoprotein, soluble guanylate cyclase (SGC), an idea of proximal Figure 1. Resonance Raman spectra oft@@und WT and mutants HemAT-

signaling works with formation of 5¢c N©Gheme adduct. Bs10(A) 260, and80,-bound WT HemATBsin H0 are shown by traces
Specific sensing of & CO, and NO might have been required a and b, respectively. Trace c is tH®, — 180, difference spectrum, and

for aerophilic bacteria in the early times of the earth, when CO trace d is the difference spectrum between i@-bound forms in HO

P and DO (H,O — D,0). (B) Trace a shows the spectrum of #@,-bound
and NO were more abundant thapOn support of this idea, our truncated sensor domain in.@, and trace b is th&0, — 180, difference

previous resonance Raman (RR) study of the oxygen-bound form spectrum. (C}¢0,-bound Y70F mutant HemABs in H,0 is shown by

of HemAT-Bshas demonstrated that the-F®; stretching ¢re-o,) trace a, and th&0, — 180, difference spectrum is shown by trace b) (D
frequency (560 cm) is noticeably lower than those of general °Ozbound T95A mutant HemABsin HzO is shown by trace a, and the
oxygen-bound hemoproteifisut similar to the frequencies observed 160, — 180, difference spectrum is shown by trace b. In all of traces a, the

. . . dashed and dotted lines were obtained by Gaussian band-fitting analyses.
for invertebrate, plant, and bacterial Hsliggesting that the bound The dark red dotted lines denote contribution frega-o,. The gray dotted

oxygen is incorporated into a unique hydrogen bonding network |ines show heme modes, and two of them overlapped witho, bands
in the distal environment. Recently, X-ray structures have been were estimated from the spectra of t#6,-bound forms. The navy blue

determined for the unligated and cyanide-ligated forms of the dashed lines are the sum of the component bands. All difference spectra
HemAT-Bssensor domaifi The sensor domain contains a unique ﬁre raw spectra without scaling. Results of band fitting analyseX@p
. ound mutants are shown in Figures-S3in Supporting Information.

distal heme pocket surrounded by Tyr70, Thr95, and a water
molecule. Since Tyr70 shows distinct conformational changes in
one subunit when the ligands are removed, the symmetry breakingof 21 cnt. In D,0, the oxygen isotope-sensitive band(s) exhibited
of HemAT-Bswas proposed to play an important role in initiating an upshift from 564 to 576 cm as seen in the #© — D,O
the chemotaxis signaling transduction cascatiere we present  difference spectrum (Figure 1A (d)), indicating that an H-bond(s)
RR evidence for structural linkage between the distal heme pocketis formed between the bound oxygen and a protein residlieus,
and the signaling domain by using the linker-lacking protein as there would be multiconformations of weakly and strongly H-
well as the wild-type (WT) and the Y70F and T95A mutants of bonded forms, which are tentatively called as the open (566 and
full-length HemATBs. 572 cml) and closed forms (554 cr#), respectively. The open

The newly observed spectfdogether with the results from the  form would provide the moderate oxygen affinitfi(= 719 nM,
band fitting analyses are depicted in Figure 1. We demonstratedhereKy = ko/kon) of HemAT-Bs’ because the open form would
previously that the band around 560 chof O,-bound HemAT- release bound oxygen easily. The hen@® adducts were photo-
Bshad oxygen isotope sensitivitylhe band-fitting analyses located and thermolabile, and careful experiments were required to
the center of oxygen isotope sensitive Gaussian bands at 554, 566investigate the multipler.o, bands, as shown in Figures S1 and
and 572 cm?, which were shifted to 537, 547, and 554 ¢mn S2 in Supporting Information.
respectively, upoAfO, substitution, for the WT form as delineated The lowveeo, frequency of @-bound HemATBsindicates that
by dark red dotted lines in Figure 1A (a and b). The isotope shifts the sp? orbital of the proximal O atom of heme-bound, @&
of 17—19 cn1! are in good agreement with a calculated shift value H-bonded from the distal sideA water molecule nearby heme
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Scheme 1 for the synchronous movement of Thr95 and Tyr70 for formation
Closed form o Open o form Open p form of the multiconformations of @bound HemATBs

T e The RR spectrum of the truncated sensor domain is shown in
Thees ros é Thios Figure 1B (a), where the oxygen isotope sensitive bands of protein

o, K AL Ay were fitted with two Gaussian bands centered at 563 and 571 cm
IS Y o o Therefore, truncation of the linker and signaling domains affected
7 i _j_ only the closed form, which disappeared in this truncated mutant,

vre-02 = 554 om’! Vre02 =566 om’! Vre02 =572 em’! although the open forms with._o, at 566 and 572 cnt are little

influenced. In other words, the closed form has a structural linkage
with the signaling domain.

CO also binds to HemABs The properties of thege—co (Fe—
CO stretching) andre_c-o (Fe=C—0 bending) RR bands indicated
that heme-bound CO does not interact with the distal 5lddeed,
the RR spectral features of the CO-bound form of the truncated
sensor domain, T95A, and Y70F mutants are almost the same as
those of WT, as shown in Figure S7 in Supporting Information. In
the case of NO, the ratio of 6¢ and 5¢ hendO adducts is altered
between WT and the truncated sensor domain, as shown in Figure
S8 in Supporting Information. Thus, a proximal signaling pathway
triggered by strain on FeHis bond may be important for
discrimination against NO.

In summary, we have shown here that bound oxygen was
specifically sensed by the distal environment of HemB§ which
has long-distance structural linkage with the signaling domain.

found by the X-ray analys@swould be involved in such an
H-bonding interaction in the closed form. Since the position of this
water molecule can be slightly displaced to keep the same D-bond
strength, the 554 cmt band does not show the,&/D,0 frequency
shift despite strong H-bonding. In support of this idea, the T95A
mutant, in which the water molecule may not be present in the
hydrophobic environment, demonstrated a single oxygen isotope-
sensitive band centered at 569 ¢nas shown in Figure 1D (a).
These results show that the-Gound T95A mutant has a single
conformation of the distal heme pocket, which would correspond
to the open form withvgeo, = 572 cm! of WT where the
interaction of Thr95 with the proximal O atom of heme-bound O
would be absent, and that Thr95 is an essential component for
maintaining the closed form.

While thevee o, bands were affected by the mutation of Thr95,
the mutation of Tyr70 showed little effect on the.—o, bands. The
Vre-0, bands of the Y70F mutant were fitted with three bands at  Acknowledgment. This study was supported by a JSPS
555 and 566, and 573 crh(Figure 1C (a)) which are almost the  Fellowship to T.O., by a Grant-in-Aid for Specifically Promoted
same positions as those of WT, indicating that Y70F mutant has Research to T.K. (14001004) and a Grant-in-Aid for Scientific
the same closed and open forms as WT. These results suggest thaResearch to S.A. (12147203) from the Ministry of Education,
H-bonding between Tyr70 and heme-boungddOes not existeven  Culture, Sports, Science, and Technology, Japan, and by a Grant-

in the closed form and rather that the orientation of the phenyl in-Aid for Scientific Research to S.A. (14380303) from JSPS.
ring at the position 70 (benzene ring for Y70F mutant) relative to ) ) ) ) )
the heme-bound Dwould be responsible for distinguishing the Supporting Information Available: Figures S8 (PDF). This
closed form from the open forms. Although Tyr70 will be oriented material is available free of charge via the Internet at http://pubs.acs.org.
toward the heme-bound,0n the closed form, the side chain of
Tyr70 would be flipped out of the heme pocket in the open forms
of O,-bound HemATBs as observed in the unliganded structure gg JAQno,RS-;Cmakaj:\r/lnakJHcholrdl- Cherg-h Re 2133?? 81913—32 267-282.

; ain, R.; Chan, M. KJ. Biol. Inorg. em , 1-11.
of the senor domaih.Y70F m_Utant S_howed the same three forms (3) Hou, S.; Larsen, R. W.; Boudko, D.; Riley, C. W.; Karatan, E.; Zimmer,
as does WT, but the population ratios of the open to closed forms M.; Ordal, G. W.; Alam, M.Nature 200Q 403 540-544.
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in Figure 1A (a) and Figure 1C (a). The ratio of the closed to open ®) Sg,%bz'gg; 1288’-,Li’21[)af 1Sn, 1. £ Marietia, M. Froc. Nadl. Acad:
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