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ABSTRACT: FixL is a sensor histidine kinase having a heme-containing domain as aarSing site. In

the study presented here, 1le209 and 11e210 located near the heme iron of the heme ddRhéiolmtim

meliloti FixL (RmFixL) were mutated, and the mutational effects on the regulation of the kinase activity
and the heme pocket structure were examined by the autophosphorylation assay-ansit/absorption

and resonance Raman (RR) spectroscopies. The mutation of these residues disrupted the regulation of the
kinase activity by the sensor (heme) domain, indicating that 1le209 and 1le210 play important roles in the
signal transduction between the heme and the kinase domains. By measurement of the resonance Raman
and optical absorption spectra of 11le209 and lle210 mutants in several oxidation, spin, and ligation states,

it was found that both residues are highly flexible, and their side chains sterically interact with the O
ligand, when it binds to the heme iron. On the basis of the results, we proposesam€ing mechanism

of RmFixL; the kinase activity is regulated via conformational changes of 11e209 and lle210 induced by
the & binding to the sensory center.

The rhizobial FixL protein is a biological oxygen sensor structures of the heme domainBifadyrhizobium japonicum
for regulating the transcription of nitrogen fixation genes in FixL (BjFixLH) in the ferric ligand-free (met), ferric CN
plant root nodulesl(—3). Rhizobium melilotFixL (RmFixL)* bound, ferric imidazole-bound, ferrous-®ound (oxy), and
consists of three functionally separated domains, i.e., trans-ferrous nitric oxide-bound forms9( 10). They observed
membrane, oxygen sensor, and kinase domadjs The rearrangements of the hydrogen bond network between the
kinase domain is homologous to the other sensor histidine heme 6,7-propionates and amino acid residues (Arg206 and
kinases of the two-component regulatory systedn$); On His214) in the F/G loop region between the met (ligand-
the other hand, the sensor domain of FixL is not conservedfree) and other ligand-bound forms. As the changes of the
with respect to those of other sensor histidine kinases. Thehydrogen bonds seemed to be caused by the flattening of
sensor domain of FixL with~150 amino acid residues the heme plane upon the ligand binding, they proposed that
contains a heme (iron protoporphyrin). Binding of @the  the signal transduction might be mainly driven by the motion
ferrous iron of the heme is responsible for the regulation of of the heme plane induced by ligand binding.
E)hoeuﬁg?cs)iy{;)‘(}tcl)\;g’oﬁ?eeh/émee I?/bnh?lseeéisgsgg\s{grlgr;ﬁtgn On the other hand, Miyatake et alll) determined the
with ATP in the kinase domé\in is activated in the-O crystal structure of the heme domain of the met and deoxy

RmFixLH at a higher (1.4 A) resolution and unambiguously

unbound (deoxy) form, followed by the phosphoryl transfer fi . : .

e ) . ) . ixed the amino acid residues located near the heme, as
to the transcriptional activator Fix<8). The information shown in Figure 1. The distal heme pocket is packed so
about the Qassociation with or dissociation from the heme d v that th g'. d Id not bind to the i ithout
should be transmitted to the kinase domain via some CcnocV natthe xligand could not bingto e iron withou

serious collisions with three residues, lle209, Leu230, and

structural changes in the protein. e i
; : . . Val232. In addition, interaction between the l@and and
ncerning the mechanism for the regulation of the kin '
concerning the mechanism for the regulation of the kinase lle209 was suggested by the resonance Raman (RR) spectra

activity of FixL by the heme domain, there have been two g
proposals on the basis of the crystal structures of the hemeOf the [209A mutant. Therefore, they proposed thesénsing

domains of FixLs. First, Gong et al. reported the crystal rn_e_chams_m in which the_regulatl(_)n of the kinase activity is
initially driven by the steric repulsion between thegl@and
t This work was supported by the Special Postdoctoral Researcher's@Nd 11€209. Perutz et al. have also made the same proposal
Program in RIKEN (to M.M. and K.N.). based on the structural data of the met and CN-bound forms
EEIKE-tN Hgfilrpa lnslfigtt]elspfing-& of BjFixLH; i.e., the conformational changes of the distal
yoritsu College o armacy. : - . . e
'Present address: Department of Materials Chemistry, Faculty of am_mo acid residues (lle215, Leu236, and ”9238, In B]F!XL’
Engineering, Hosei University, Koganei, Tokyo 184-8584, Japan.  Which correspond to 1le209, Leu230, and Val232 in RmFixL,
! Abbreviations: RmFixLR. meliloti FixL; BjFixL, B. japonicum respectively) near the heme iron would be transmitted to the

FixL; FixLH, heme domain of FixL; FixLT, soluble truncated FixL ; ; i
(consisting of the heme and kinase domains); RR, resonance Raman;kInase domainX?). They suggested that the driving force

WT, wild-type; UV, ultraviolet; DTT, dithiothreitol; Mb, myoglobin; of the conformationgl change is steric Eﬁ?CtS betwee_n the
5¢, five-coordinate; 6¢, six-coordinate; HS, high-spin; LS, low-spin. three residues mentioned above and the iron-bound ligand.
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FiGure 1: Stereoview of the heme and amino acid residues near the heRenmeliloti FixL (11).

To elucidate the oxygen sensing mechanism, we further 80
investigated the mutational effects of 11209 and lle210, >§ 0 deoxy
which has the same effect on an autoxidation rate of the heme 3 igo W oxy
iron as 11e209 13), on the autophosphoryl activity, the heme § g
pocket structure, and the coordination structure of the heme o3
in RmFixL, which consists of the heme and kinase domains %%40
(RmFIXLT). We selected Ala, His, and Trp residues in 25
expecting the hydrophilic effect with the His mutation and g £ 201
the size effect with the Ala and Trp mutations. g‘.g
=
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Sample Preparation and Measurement of Autophospho-
rylation Activity. A soluble truncated RmFixL (consisting Ficure 2: Autophosphorylation activity of WT FixL and its
of the heme and the kinase domains, FixLT) and its site- mutants in the deoxy and oxy states.
directed mutants were overexpressedEischerichia coli o ) )
strain JM109 and purified as previously describa®)(  containing met-FixL with 100% bgas and CO gas and then
Measurement of the autophosphorylation activity of FixLs adding a few crystals of sodium dithionite, respectively. Oxy-
was carried out with a previously described methayl (  FixL was prepared by adding a DTT solution (final concen-
Reaction mixtures contained 5.0M FixL, 0.2 mM tration of 10 mM) to the sample cell containing met-FixL
[y-32P]JATP, and dithiothreitol (DTT) (50 mM for the deoxy ~Under the stream of 100%.@as.
form and 10 mM for the oxy form) ofi-mercaptoethanol RESULTS
(6-ME) (50 mM for the oxy form) in the kinase buffer [10
mM KCI, 0.2 mM MnCl, and 50 mM Tris-HCI (pH 7.8)].  autophosphorylation Actity of FixL and Its Mutants in
The reactions were started with ATP and stopped Wigh Deoxy and Oxy States
volume of gel loading buffer after 2 min. We define the unit
rate for autophosphorylation as 1 fmol of phospho-FixL ~ Figure 2 shows the autophosphorylation activities of the
(pmol of FixL)"* min.. wild type (WT) and mutants of FixL in the deoxy and oxy
UV —visible absorption spectra of FixL were measured with Of all proteins were more than 30 units, indicating that all
a Hitachi U-3000 spectrophotometer. The sample concentra-mutants in the deoxy state were as active as WT FixL.
tion was 5-10 uM. Fluorescence measurements of the met However, the autophosphorylation activity of the mutants
state of the 1209W mutant excited by 296 nm radiation were in the oxy state was significantly high, indicating that the
taken with a Hitachi F-4010 fluorescence spectrometer with @utophosphorylation activities of the oxy forms of all the
a sample concentration of /M. mutants are upregulated. In other words, thebding to
Resonance Raman Spectroscdpgsonance Raman (RR) the heme domam of the_ E|xL mutants does not repress the
spectra were measured as previously describ&d Raman autophqsphorylatlon activity of their kinase domqms. The;e
shifts were calibrated on the basis of the spectrum of indene®Sults indicate that 116209 and lle210 play crucial roles in
with an absolute accuracy ef1 cnrl. Excitation sources Oz Sensing by FixL. Since mutations of 116209 and €210
were a Kr* laser (Coherent) at 406.7 nm, a Heéd laser have an effect on the gcsenglng function of FixL possply
(Kimmon) at 441.6 nm, and a Blue Solid-State Laser (Hitachi through structural changes in the heme pocket and/or in the
Metals, ICD-430) at 421 nm. The FixL concentration was heme iron coordlnathn, we spectr'oscoplcally examined the
50 4M in 50 mM Tris-HCI (pH 8.0). Cyano-FixL, fluoro-  Structural changes with the mutations.
FixL, and imidazole-bound FixL were prepared by equili-
brating met-FixL with 1 mM KCN, 10 mM NaF, and 10
mM imidazole, respectively. Deoxy-FixL and carbon mon-  We previously reported UV visible absorption spectra of
oxy-FixL (CO-FixL) were prepared by filling the sample cell the ferric, deoxy, and CO-bound forms of WT and 1209A,

Absorption Spectroscopy
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FiGurRE 3: Absorption spectra of oxy=), deoxy (- - -), and met{ —) states of WT FixL (A) and the 1209W mutant (B). The buffer was
50 mM Tris-HCI (pH 8.0). The FixL concentrations were AM (in the heme).

Table 1: Soret Band Peaks of UWisible Spectra in WT FixL and
Its Mutants

absorption peak (nm)

met deoxy oxy CO
wWT 396 434 418 423
1209A 396 433 421 423
1209H 409 433 425 422
1209W2 407 433 424 423
I1210A 398 433 427 423
1210H 414 433 421 423
1210WR 398 433 425 423

aThis work. Other data are from réf3.

I209H, 1210A, and 1210H mutants of FixL18). In the study D : 1210A
presented here, the absorption spectra of the oxy complexes g § :
of all the proteins and those of 1209W and 1210W in the !

ferric, deoxy, and CO-bound states were also measured. As
one of the examples, the absorption spectra of 1209W are
compared with the corresponding spectra of WT FixL in
Figure 3. Absorption spectral data of all the mutants are
summarized in Table 1. There was no difference in the | | | 1 | | |
positions of the Soret bands for the deoxy and CO-bound 200 250 300 350 400 450 500

forms for all the mutants, as compared with those of the Raman Shift /cm’™

WT protein, whereas the absorption spectra in the ferric and Ficure 4: Resonance Raman spectra of FixL WT and its mutants
oxy states were slightly different from those of the WT in the deoxy state in the low-frequency region excited at 441.6
protein. Structural changes of FixL as a result of the 1le209 nm.

and lle210 mutations were examined in more detail by the

resonance Raman (RR) spectroscopic technique. band derived from the Fe-proximal His194 borid’)(was
observed at 211213 cm? for every mutant in the RR
Resonance Raman Spectroscopy spectra. Since the position of the. s band was not

changed by the mutation, the lle209 and 1le210 mutations

Deoxy Statesin the high-frequency region of the RR hardly perturb the coordination structure of the heme-
spectra, it is well-known that several bands serve as sensitiveproximal His194 bond in the deoxy state.
probes of the heme structures. The(1460-1510 cnt?) The 384 cm?! band of WT FixL could be assigned to the
andv, (1350-1380 cm?) bands are the spin state and the bending modey(CsC.Cq), of the 6,7-propionates in the heme
core size markeng) and the redox state maker of the heme periphery (8—20). The band intensities of mutant FixLs
(va), respectively 14, 15). Thevs andv4 bands of all FixLs were changed as compared with that of WT FixL. The
in the deoxy state were observed at 1468471 and 1355 intensity change suggests conformational changes of the
1356 cn1?, respectively, indicating that the heme irons of heme propionate groups as a result of the mutadh On
all deoxy-FixLs are in a ferrous five-coordinated, high-spin the other hand, Gottifried et al. reported that the 367 tm
state (5¢-HS), as previously discussed for WT FigB)( In band was sensitive to the strength of the hydrogen bond of
the low-frequency region (Figure 4), the stretchimge(wis) the heme propionate®%); the band frequency is shifted
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Ficure 5: Resonance Raman spectra in the-3680 cnt? region
for the 180, (A) and %0, (B) adducts of FixL WT and their
difference spectrum (C) and difference spectf®4{ minus€0,)
of FixL mutants: 1209A (D), 1209H (E), 1209W (F), 1210A (G),
I210H (H), and 1210W (I) (421 nm excitation).
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Table 2: Fe-Ligand Stretching Frequencies of FixL WT and Its
Mutants

FixXL  Veenis (cm‘l) VEe-0, (cm‘l) VFe-CO (cm‘l) vYc-0 (cm‘l)
WT 211 573 498 1962
1209A 213 569 495 1963
1209H 213 569 496 1962
1209W 212 568 494 1963
1210A 211 567 497 1961
1210H 212 566 496 1964
1210W 212 568 497 1965

o
I
Q
e
>
1300 1400 1500 1600 1700

Raman Shift/ cm™

lower as the strength of the hydrogen bond decreases. Thergure 6: Resonance Raman spectra in the met state of FixL WT

band frequencies of mutant FixLs were shifted lower than
that of WT, except for 1210W, indicating that the strength

of the hydrogen bond of the heme propionates of those

mutants was weakened by mutation. This result would be

(A), 1209H (B), and 1210H (C) in the 13001700 cn1? region at
pH 8.0 (406.7 nm excitation).

On the other hand, the F&€O (Vge-co) and C-0 (vc-o)

due to the conformational change of the heme propionates,stretching frequencies of FixL mutants were observed at

consistent with the intensity change of the 384 ¢rhand
of mutant FixLs.

O,-Bound and CO-Bound Form3$hewv; andv, bands of
all FixLs in the oxy state were located at 1500602 and
1372-1375 cn?, respectively. The heme irons of all FixLs
in the oxy state are in a six-coordinated, low-spin state (6c¢-
LS). The Soret bands of the optical absorption spectra of all
FixL mutants in the oxy state exhibited red shift, implying

that these mutations yield structural changes in the heme

moiety of the oxy complex of FixL. Figure 5 shows the RR
spectra in the region of 368650 cm ' for the %0, and*€0,
adducts of WT FixL and its mutants. For assignment of the
Fe—0O, stretching {re-0,) band, the difference spectra
between thé®0O, and the'O, adducts are also illustrated.
Thevee—o, band of WT FixL for the'®O,-bound adduct was
observed at 573 cnj, in agreement with the frequencies
previously observedl(l). The veeo, frequencies are sum-
marized in Table 2 together with frequencies of other iron-
bound ligands sre-pis, Vre-co, andve—o). It is noteworthy
that thevee o, bands of all mutants are shifted to lower
frequencies by 45 cnmr! compared to that of WT. It is
reported that there_o, band of heme proteins is sensitive
to the steric effect in the heme pocket rather than the
electrostatic field Z3). Hence, the steric change to the iron-
bound Q in the heme pocket of all mutants would be exerted
by the mutation.

almost the same value as those of the Wi |co = 498
cm L ve_o = 1962 cm! (24)] (see Table 2). It is well
established that thereco and vc_o frequencies of heme
proteins are closely related and very sensitive to the
electrostatic field of the heme pock&5 26). Hence, these
observations for the@re-co and vc—o frequencies of FixL
mutants imply that the electrostatic field in the heme pocket
is not altered by the mutations of 11e209 and Ile210. Further,
the steric effect on the iron-bound CO by the mutated
residues is not clearly compared with that on the iron-bound
0..

Ferric StatesFigure 6 shows the RR spectra of FixLs of
(A) WT, (B) I1209H, and (C) 1210H in the ferric state in the
region of 1300-1700 cnT’. The RR spectra of these mutants
are different from that of the WT protein. The marker bands
(vs and vs) of 1209A, 1210A, and 1210W were similar in
position to those of WT, while those of 1209W were the
same as those of [1209H.

On the basis of the features of the RR and optical
absorption spectra (see Table 1), the FixL mutants in the
ferric state can be classified into three groups: the WT,
[209H, and 1210H groups. Thes band of the WT group
(WT, 1209A, 1210A, and 1210W) was observed at 1491 ém
(22), indicating that the heme iron is in a ferric 5¢c-HS.

The v3 band of the 1209H group (1209H and 1209W) is
located at 1478 cnt, indicating that the ferric heme iron is
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FiGurRe 7: Resonance Raman spectra in the met state of 1I209H (A) and 1210H (B) at the indicated pH.

in a 6¢-HS. This assignment was supported by the observa-frequencies, which are very sensitive to the electrostatic field
tion of the fluorine complexi; band at 1475 cnt) of WT in the heme pocket, of the CO-bound form of FixL were
FixL with a 6¢-HS heme. As the pH is increased, the intensity not affected by the replacement of lle with His (1209H). If
of the 1478 cm?® band decreased with the concomitant the His209 side chain of the 1209H mutant is located near
appearance of the new bands at 1490 cnt (5¢-HS) and the heme iron as for [1e209 of WT, thgeco and vc—o
1503 cn1?! (6¢-LS) (see Figure 7A). The 1503 ciband frequencies of 1209H should be shifted about-2® cnt?!
can be assigned to the 6¢-LS FixDH~ complex @1). This due to the change in the electrostatic field caused by the
pH dependence of the spectra is explained as follows. Theintroduced His209 according to the result of the Mb-CO
iron-bound HO at neutral pH is ionized to OHas the pH mutants 27, 28). However, this is not true for the position
is raised. Hence, we concluded thai(His the candidate 209 mutation of FixL, and the electrostatic field at the iron-
with the most potential as a sixth ligand of the 1209H group bound CO induced by the distal residue is not changed by
at neutral pH. This result indicates that the hydrophobicity the 11e209 mutation. This result could be explained by the
of the heme pocket is decreased by the mutation at positionelongation of the distance between the position 209 side chain
2009. and the heme iron by the replacement of [le209. Due to its
In the case of the I1210H group, tlrg band was observed  elongation, the extent of the electrostatic effect of the His209
at 1505 cm?. The spectral similarity to the CN-bounds( side chain on the heme iron would decrease and the
= 1503 cnt?) and the imidazole-bound’{ = 1505 cnt?) electrostatic field at the iron-bound CO would be almost
forms of WT FixL indicates that the heme iron of I210H is similar to that in the WT. The elongation would be
in the 6¢-LS. In addition, the pH dependence of the spectrumaccomplished by the movement of the imidazole group of
is also identical for 1210H (see Figure 7B) and the imidazole His209 away from the heme pocket.
complex of WT FixL. We could suggest that the imidazole ~ Trp209 in the 1209W mutant may also move away from
of the introduced His210 internally coordinates to the iron the heme pocket. The conformational change induced by the
as a sixth ligand to form the 6c-LS heme. One of the possible mutation would be supported by the fluorescence measure-
reasons that 1210H has the bis-His coordinated heme, butments via UV excitation, in which the position of the
I209H does not, could be the difference in the hydrophobicity fluorescence peaki{s) depends on the local environment
of the heme pocket between 1209H and 1210H. The heme of the Trp residueq9). Since WT FixL does not contain
pocket of I210H is hydrophobic, similar to that of WT, any Trp residue, the fluorescence of 1209W originates from
because 11e209 is still located near the heme iron, a#@d H  the introduced Trp209 residue. THga values of 1209W
could not come in the heme pocket. Hence, the imidazole were observed at 340 nm (data not shown), showing that
of His210 could be coordinated to the heme iron. the Trp209 side chain is located in a relatively solvent-
accessible environmen29).
DISCUSSION Because the heme pocket is opened by these conforma-
Structural Changes in the Heme Pocket of FixL as a Result tional change, the Dligand also coordinates to the heme
of Mutation. The distal heme pocket of the WT FixL is ironin 1209H, 1209W, and 1209A with less steric hindrance,
hydrophobic, and no water molecule was present there incompared with the coordination in WT FixL, judged from
the ferric state 11). Therefore, the presence ot®l at the the observation that thg.o, band was shifted in the lower-
sixth coordination site of the heme iron in I209H and 1209W field direction by the [le209 mutations. The observation is
mutants indicates that the hydrophobicity in the heme pocket comparable to those in comprehensive studies on Mb mutants
is decreased by the 1le209 mutations. However, despite such(23), where relationships between theo, frequency and
a change in the hydrophobicity, thereco and vc—o the Fe-O—O0 angle are observed in the oxy complexes of
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L29F Mb (568 cmi* and 120, respectively), of WT Mb (571  1le209 and lle210 mutations. Despite such structural changes
cm™! and 118, respectively), and of L29W Mb (574 crh at the heme propionate, the autophosphorylation activity in
and 112, respectively). The lower shift of thereo, the deoxy state was not altered. Therefore, the rearrangement
frequency indicates that the;©@oordinates to the heme iron  of the hydrogen bond network between the heme propionate
in a more linear fashion by diminishing the steric hindrance. and residues in the F/G loop might be a result of movement
On the other hand, the steric effect on the iron-bound CO of of the F/G loop caused by the structural changes at the 11e209
FixL did not appear clearly. This difference betweenad and/or 1le210 site.

CO ligands in the steric effect might be due to the difference  Most recently, Gong et al. reported the crystal structures
between the FeO—0O and Fe-C—O angles. of the oxy, NO, and imidazole complexes of BjFixLHQ).

On the other hand, although the side chain of 1le210 facesIn this report, they discussed the, Gensing mechanism
outside of the protein molecule (see Figure 1), the mutational previously proposed, in which the hydrogen-bonding re-
effect of 1le210 on the ligand coordination was apparently arrangement of the heme propionate is an initial step.
identical to that of 11e209 (see Figure 5 and Table 2). This However, we have noticed in their report that the side chain
observation suggests that the protein conformation aroundof 1209 (lle215 in BjFixLH) is largely changed in its
lle210 is highly flexible, and consequently, the imidazole position with respect to the accommodation of t® allow
group of the introduced His210 in I210H coordinates to the the hydrogen-bonding interaction between the iron-bound O
heme iron as an internal sixth ligand in the ferric state. and guanidyl group of Arg214 (Arg220 in BjFixLH). The

In the study presented here, we can reveal the mutationalcrystallographic data appear to significantly support our
effects of 11209 and lle210, located on the F/G loop of FixL, results of the 11e209 and 1le210 mutagenesis of FixL. In
on the structures of the irefligand coordination. On the  addition, Perutz et al. discussed in their review the possibility
basis of these results, we likely conclude that 1le209 and that the steric effect between the iron-bound ligand and three
lle210 are highly flexible and sterically interact with the O  distal residues (corresponding to 1le209, Leu230, and Val232
ligand. This conclusion is very consistent with the sugges- in RmFixL) may be important to the signal transduction of
tions derived from the temperature factors of the main chain FixL (12). We proved that the interaction between Ile209
of these residues which were crystallographically examined (and/or 11e210) and the iron-bound, @gand is essential to
(12). the G, sensing mechanism of FixL.

Roles of [le209 and 1le210 in the;Gensing Mechanism.
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