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ABSTRACT: BjFixL from Bradyrhizobium japonicumis a heme-based oxygen sensor implicated in the
signaling cascade that enables the bacterium to adapt to fluctuating oxygen levels. Signal transduction is
initiated by the binding of O2 to the heme domain ofBjFixL, resulting in protein conformational changes
that are transmitted to a histidine kinase domain. We report structural changes of the heme and its binding
pocket in the FeII deoxy and FeIII met states of the wild-typeBjFixLH oxygen sensor domain and four
mutants of the highly conserved residue arginine 220. UV-visible, electron paramagnetic resonance, and
resonance Raman spectroscopies all showed that the heme iron of the R220H mutant is unexpectedly
six-coordinated at physiological pH in the FeIII state but undergoes pH- and redox-dependent coordination
changes. This behavior is unprecedented for FixL proteins, but is reminiscent of another oxygen sensor
from E. coli, EcDos. All mutants in their deoxy states are five-coordinated FeII, although we report rupture
of the residue 220-propionate 7 interaction and structural modifications of the heme conformation as
well as propionate geometry and flexibility. In this work, we conclude that part of the structural
reorganization usually attributed to O2 binding in the wild-type protein is in fact due to rupture of the
Arg220-P7 interaction. Moreover, we correlate the structural modifications of the deoxy FeII states with
kon values and conclude that the Arg220-P7 interaction is responsible for the lower O2 and COkon values
reported for the wild-type protein.

Heme-based sensors are key regulators of adaptive re-
sponses to environmental fluctuations and control the activity
of a neighboring domain (1, 2). One class of sensor proteins
contains the heme cofactor within a sensory PAS domain.
PAS domains exhibit a conserved structural fold and are
proposed to share a common conformational flexibility,
potentially related to a mechanism for signal transduction
(3).

The rhizobial FixL proteins are the best studied heme-
PAS sensors and respond to fluctuating oxygen levels in the
bacterial environment. FixL proteins possess a histidine
kinase domain, responsible for the phosphorylation of a
transcription factor FixJ, and a heme domain (FixLH1), where
O2 binding and initial oxygen sensing occur (4). The FixL
sensor domains contain ab-type heme as a prosthetic group
with a proximal histidine as axial ligand, and signal trans-
duction is driven by structural modifications of the heme
pocket upon ligand binding. More recently, other heme-PAS

sensors were identified, such as NPAS2, sensing CO (5),
AxPDEA1, sensing O2 (6), andEcDos, which seems to be
sensitive to the O2 level (7) and the redox state of the iron
(8, 9). The crystallographic data reported for the FeII and
FeIII states ofEcDos indicate ligand switching upon oxida-
tion, consistent with previous spectroscopic studies. Upon
oxidation, two water molecules enter the heme pocket and
replace the Met95 ligand, leading to a six-coordinated low-
spin aquo-FeIII complex (8).

Crystallographic structures of the deoxy (Fe2+) and met
(Fe3+) redox states of FixL hemodomains indicate a highly
hydrophobic heme pocket associated with a five-coordinated
high-spin iron (10-14). The high degree of hydrophobicity
of the heme pocket is due to the presence of a hydrophobic
triad corresponding to residues Ile215/Leu236/Ile238 in
BjFixLH (10) (Figure 1) and Ile209/Leu230/Val232 in
RmFixL (13), whose side chains point toward the heme iron.
Unlike myoglobin (15), no water molecule is reported in the
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vicinity of the heme iron. Ile209 has been shown to be
predominantly responsible for the high degree of hydropho-
bicity of the RmFixL heme pocket and to prevent entrance
of a water molecule into the distal pocket (16). In both the
FeII and the FeIII states of the wild-type FixL proteins, the
conserved hydrophilic positively charged Arg220 (BjFixL)
or Arg214 (RmFixL) is interacting with the solvent-exposed
heme propionate 7 group and water molecules and is thus
pointing away from the iron atom (10, 11, 13). BjFixL
Arg220 is proposed to be a key residue for signal transduc-
tion; however, this residue is not essential to maintain the
heme pocket structure in the met state. Indeed, the X-ray
structure of the FeIII R220A mutant ofBjFixLH has been
reported (17), in which no shift of the FG loop or of the
Ile215/Leu236/Ile238 residues is observable as compared to
the wild-type protein (Figure 1). This mutant exhibits fully
active histidine kinase activity in both its FeII and FeIII states.

O2 is a potent inhibitor of FixL phosphorylation activity
(17, 18). Upon O2 binding, structural changes in the FG loop
(“FG loop switch”) occur as deduced from X-ray crystal-
lography (11). This stuctural change is somehow associated
with enzymatic inhibition, presumably via structural changes
at the kinase domain, through a mechanism not yet under-
stood.

Upon diatomic ligand binding (O2, CO, NO, or CN-) to
BjFixLH, the heme becomes six-coordinated (6c) low-spin
(LS) and the crystallographic structures exhibit one common
feature, that is, the movement of the Ile238 side chain toward
the heme vinyl substituents to decrease the steric constraints
around the binding site (11, 12). On the basis of a recent
high-resolution structure of the FeII-CO state, it is also
proposed that the Ile215 and Leu236 side chains are slightly
displaced upon ligand fixation (14). These observations
further support the early proposal of Perutz et al. (19) that
conformational changes responsible for kinase inactivation
are partially driven by steric hindrance between the heme
ligand and the hydrophobic triad residues. Still, CO and NO
are only weak inhibitors of the histidine kinase domain (17,
18). In the particular case of strong histidine kinase inhibitors
such as O2, modifications of the heme pocket structure are
noted (11, 12), including a shift of the critical FG loop,
together with a large displacement of Ile215 and Arg220,
the latter being shifted toward the heme pocket where it
interacts via hydrogen bonds with both the bound ligand and

a surrounding water molecule (Figure 1) (12). This results
in highly efficient O2 geminate recombination (20) together
with strong inhibition of the histidine kinase domain (17).
Thus, positions of residues Ile215 and Arg220 are indicative
for structural modifications of the FG loop and the heme
pocket resulting in signal transduction and efficient histidine
kinase inactivation. Recently, we demonstrated that both the
movement of Arg220 inside the heme pocket and its
influence on theπ-acidity properties of O2 play a crucial
role in the structural reorganization of the heme pocket
implied in signal transduction (21). These observations are
consistent with the recent hypothesis of multicoordinate
ligand-coupled signaling (22).

In the present article, we describe the structural modifica-
tions ofBjFixLH in the FeII deoxy and FeIII met resting states
resulting from mutation of Arg220. The point mutations were
chosen to modify the electrostatic properties and H-bonding
capabilities of the residue 220, with minor steric modifica-
tions of the side chain (e.g., Arg220 was substituted by His,
Ile, Gln, and Glu). A resonance Raman characterization of
the FeII-O2 and FeII-CO states of the same series of mutants
as well as the measured association and dissociation rates
for O2 and CO binding was recently reported by us (21). In
the present article, resonance Raman spectroscopy, EPR, and
spectroelectrochemical titrations were used to obtain further
detailed insight in the structural and electrostatic role of
Arg220 in both the deoxy FeII and met FeIII redox states,
linked to the association rate for O2 and CO binding.
Particuliar attention was accorded to the R220H mutant,
which exhibits strong pH-dependent modification of its heme
pocket structure in the met FeIII state as compared to the
wild-type protein. Together with previous results obtained
for O2 fixation, our data indicate that this mutant is oxygen-
as well as redox-sensitive, properties that are proposed to
play important roles inEcDos, another O2 sensor (7-9).

EXPERIMENTAL PROCEDURES

Protein Expression and Purification.Wild-type and mutant
protein overexpression inE. coli and purification were
performed as previously described in Balland et al. (21).

Sample Preparation.All protein samples were prepared
in 50 mM Tris buffer at pH 7.4 and in 50 mM acetate buffer
at pH 4.40. The deoxy form ofBjFixLH was prepared by

FIGURE 1: Crystallographic structures of the met wild-type (left, PDB entry 1DRM (10)), R220A met (middle, DB entry 1Y28 (17)), and
oxy wild-type (right, PDB entry 1DP6 (11)) states ofBjFixLH. Arg220 (or Ala220), Leu236, Ile238, and Gâ-sheets are in red, Arg206 and
F R-helix are in cyan, His214, Ile215, and FG loops are represented in green. The heme propionates 6 and 7 are labeled HP6 and HP7,
respectively.
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reduction in deoxygenated buffer by addition of freshly
prepared degassed sodium dithionite (200µM final concen-
tration) (Sigma) stock solution in 18 MΩ deionized water.
These samples were conditioned under argon gas, anaero-
bically sealed with gastight rubber septums, and transferred,
when required, using gastight syringes (Hamilton).

UV-Visible Absorption Spectroscopy.Optical absorbance
measurements were made using a UVIKON 922 (Kontron)
spectrophotometer with a 70-µL airtight quartz cell (Hellma)
with a path length of 1 cm. The protein concentration was
20 µM, and the measurements were performed at ambient
temperature. For the pH dependence analysis of the R220H
mutant, 5µL of a concentrated protein solution in 50 mM
Tris-HCl (pH 7.4) was diluted into 100µL of a 100 mM
buffer solution at the required pH. Acetate buffer was used
for pH in the range [3.8-5.0]. MES buffer was used for pH
in the range [5.2-6.7]. Phosphate buffer was used for pH
in the range [6.0-8.0]. Tris-HCl buffer was used for pH in
the range [7.0-8.0]. At pH 3.8, we noticed in time an
increase in the baseline of the UV-visible absorption spectra
of the proteins, probably due to some denaturation of the
protein. For the electrochemical, EPR, and RR spectroscopic
measurements reported here, samples were never poised
below pH 4.4, where we observed no indications of protein
denaturation.

EPR Measurements.X-band EPR spectra were recorded
using a standard ER 4102 (Bruker) X-band resonator with a
Bruker ESP300 X-band spectrometer equipped with an
Oxford Instruments cryostat (ESR 900). The samples were
frozen at 198 K and degassed as previously described (23)
and then transferred to a liquid nitrogen bath (77 K) before
measurements were taken at 4 and 26 K. Determination of
g-values was done using an ER032M gaussmeter (Bruker).
Protein samples were 100µL of a 100 µM solution.
Concentrated protein solutions were obtained by using a 10
kDa cutoff Centricon membrane concentrator (Amicon). At
pH 7.4, Tris-HCl buffer was not used because of its sensitive
temperature dependence (24), and it was replaced by a 100
mM Hepes buffer at pH 7.45.

Spectroelectrochemical Titrations.The UV-visible optical
absorption spectra during oxidation-reduction titrations were
recorded using a Varian 5E spectrophotometer. The thin layer
cell used for room-temperature UV-vis experiments was
previously described (25). The optical path length of the cell
was 0.5 mm. A gold mesh working electrode was immersed
in the optical cell. A platinum wire and SCE electrodes were
used as counter and reference electrodes, respectively. The
potential was controlled by a potentiostat (EGG PAR M362),
and the current at the counter electrode was measured. The
following redox mediators (2µM each) were added to the
sample solution: phenazine methosulfate, gallocyanine,
indigo trisulfonate, 2-hydroxy-1,4-naphthoquinone, an-
thraquinone 2-sulfonate, benzyl viologen, and methyl violo-
gen. The FixLH solution (25µM) containing the mediator
dyes was degassed and flushed with argon prior to the
measurements, and 100µL of the solution was transferred
into the optical cell. The upper reservoir section (7 mL) of
the electrochemical cell was filled with a degassed buffer
solution containing the mediator dyes at the same concentra-
tion. All potential values are given using NHE as reference.

During the electrochemical redox titrations, the electronic
absorption spectra were measured after the current reached

a value< 0.5 µA (10-15 min). The potential was varied
from 250 to-150 mV vs NHE. The absorption spectrum at
250 mV was identical to that of ferric FixLH as isolated,
exhibiting a Soret band maximum at 395 nm. A-150 mV
potential was applied for 20 min before oxidative titration
from -150 mV to 250 V. After the oxidative titration, the
potential was swept negatively to re-reduce the protein. The
data were analyzed using the Nernst equation (26): Fraction
FeII ) {exp[(E1/2 - Em)*nF/RT] + 1}-1, wheren is the
number of electrons,Em is the measured potential, andE1/2

is the midpoint potential of interest (F ) 96493 J‚V-1, R )
8.31 J‚mol-1‚K-1).

Resonance Raman Spectroscopy.Resonance Raman spec-
tra were recorded as described previously (24) using a
modified single-stage spectrometer T64000 (Jobin-Yvon)
equipped with a liquid nitrogen-cooled back-thinned CCD
detector and 1800 grooves/mm holographic gratings. Samples
for the resonance Raman measurements were prepared at a
protein concentration of 20µM. Spectra were recorded at
room temperature in a spinning cell (diameter 2 mm) to
prevent photodissociation and avoid local thermal degrada-
tion of the protein during the measurements. In some cases,
RR spectra were recorded at low temperature (15 K) using
a circulating cold He gas cryostat (Janis Research, STVP-
100) to compare with low temperature EPR measurements.
To accurately determine small differences in RR band
frequencies, the monochromator was calibrated using the
laser excitation wavelength and a saturated sulfate solution
and samples were recorded the same day without changing
light excitation/collection geometry. Spectral frequencies are
estimated to have reproducibilities of(1 cm-1. Reported
spectra at 413.1 nm were the result of the averaging of,
typically, 200 single spectra, each recorded with 30 s of CCD
exposure time. Reported spectra at 441.6 nm were the result
of the averaging of approximately 600 single spectra recorded
with 5 s of exposure time. Spectral resolution was about 3
cm-1. Baseline corrections were performed using GRAMS
32 software (Galactic Industries). The band assignments are
proposed by analogy with myoglobin (27).

RESULTS

UV-Visible Spectroscopy. The UV-visible absorption
spectra of theBjFixLH wild-type and mutant proteins were
recorded in the range 200-800 nm at pH 7.4; representative
spectra are shown in Figure 2. For the FeII states (Table 2),
the mutations did not significantly alter the observed Soret
bands around 431 nm (Table 2), characteristic of five-
coordinated high-spin (5c HS) heme b-type FeII states (28).
For the FeIII states (Table 1), the iron is 5c HS with a Soret
band at 395 nm for the wild-type protein (Figure 2) as for
the R220Q, R220I, and R220E mutants. However, for the
R220H mutant in the FeIII state at pH 7.4 (Figure 2), the
Soret band maximum is shifted to 408 nm at the same pH
conditions as WT and the other mutants; there are also
spectral differences observed in the 500-550 nm region.
These spectral differences are attributed to a six-coordination
state for the high-spin FeIII in the met R220H mutant. The
observed Soret band maximum for the R220H mutant (408
nm) occurs at a wavelength similar to that of the 6c HS FeIII

states ofSWMb and of the I209HRmFixL mutant (Table
1), which both have a water molecule coordinated to the FeIII
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in the distal pocket (29, 30). The pH dependence of the UV-
visible spectrum from the R220H mutant was studied in the
pH range 3.8-8.0. Upon acidification of the solution, the
Soret band maximum progressively blue-shifted, down to
397 nm at pH 3.8. Thus, at pH 3.8 the R220H spectrum
appears as that of WT protein pH 7.4 indicative of 5c HS
FeIII . This pH-dependent behavior implies that the sixth
ligand on the R220H heme FeIII center at pH 7.4 is displaced
in acidic media. We analyzed the spectrophotometric titration
curve using a simple two-state Henderson-Hasselbach plot
(Figure 2) and found that a single protonatable group is
involved with an apparent value of pKa ) 5.7.

EPR Measurements.The FeIII met states of theBjFixLH
wild-type protein and mutants were studied by EPR spec-
troscopy to confirm the spin states of the iron. For the WT
protein, the EPR spectrum indicates anS ) 5/2 high-spin
FeIII state with resonances atg1 ) 6.16,g2 ) 5.51, butg3 is
not clearly defined (Figure 3, Table 1). The percent rhom-
bicity R for the wild-typeBjFixLH is 4.0 (R ) [∆g/16] ×
100, where∆g ) |g1 - g2| (31)). Theseg andR values are
similar to those reported for 5c HS FeIII states forRmFixL
with R ) 2.5 (30) and for the H64L mutant ofSWMb with
R ) 3.4 (Table 1) (29). For the R220I and Q mutants, theg
values are very similar to those of the wild-type protein
(Table 1), indicating that the FeIII coordination geometry and
immediate environment are not modified upon mutation.

For the R220H mutant, the EPR spectrum recorded at pH
7.45 exhibits ag ) 6 signal with three components (Figure
3): a sharpg ) 5.88 signal and two other resonances around
g ) 6.30 andg ) 5.30. These features are very similar to
those reported for the HS FeIII state of theSWMb H64Q
mutant in Hepes buffer (Table 1) (29) where it had first been
proposed that the three resonances were due to two species
in solution, one being five-coordinated and a second being
six-coordinated with a water ligand. However, a later high-
resolution crystal structure of the H64Q mutant indicates a
bound water molecule (15). Thus, for theBjFixLH R220H
mutant it is most likely that the EPR spectrum is reflecting
two six-coordinated HS conformers of the protein, one axial
corresponding to theg ) 5.88 resonance and a second more
rhombic with R ) 6.2. This conclusion is fully consistent

with the RR data obtained at 15 K and at room temperature
which indicate the presence of only 6c HS heme FeIII species
(see below).

For theBjFixLH R220H mutant here, the EPR spectrum
is modified upon acidification of the solution. At pH 4.4,
the spectrum exhibits two components corresponding to the
following g values,g1 ) 6.06 andg2 ) 5.54 (g3 is not
detected) andR ) 3.25, which are similar to those of the
wild-type FeIII BjFixLH, implying a 5c HS FeIII and thus
the removal of the sixth FeIII ligand in the R220H mutant
upon acidification.

Electrochemical Redox Titrations.Figure 4B shows the
oxidative redox titrations at pH 7.4 of the FeII deoxyBjFixLH
WT and the R220I, R220Q, and R220E mutants. Full
oxidation-reduction reversibility without hystereses and
well-defined isobestic points at 415 and 458 nm were
observed in the UV-visible absorption spectra (Figure 4).
The measured heme ironE1/2 midpoint potential value for
the wild-typeBjFixLH was 68 mV vs NHE. For the R220Q,
R220I, and R220E mutants,E1/2 values were found at 41,
38, and 24 mV, respectively (Table 1). Thus, replacement
of the nearby positively charged arginine residue by the
electrically neutral isoleucine or glutamine residues both
lowered theE1/2 potential of the heme iron by about 30 mV.
The trend and magnitude of this effect is completely
consistent with the removal of a positive charge in the
vicinity of the heme group (32). For the R220E mutant, the
E1/2 potential value is found at 24 mV, about 50 mV lower
than WT, and about 20 mV more negative than that seen
for the mutants with electrically neutral amino acid residues
at position 220. We argue that the additional lowering of
the midpoint potential for the R220E mutant reflects a
deprotonated negatively charged glutamate residue near the
heme. This proposal is further supported by analysis of the
Raman spectrum of the R220E mutant (see below).

The electrochemical titration of the R220H mutant is fully
reversible at pH 7.4 with well-defined isobestic points at 419
and 462 nm. The measured heme ironE1/2 midpoint potential
value for this mutant is 40 mV vs NHE (see Supporting
Information Figure S1), a value very similar to that reported
for SWmyoglobin (Table 1) that exhibits a six-coordinated
FeIII state and a five-coordinated FeII state (33). The
reversibility of the redox titration is indicative of a rapid
chemical equilibrium between the 5c and 6c redox states,
and the 40 mV redox potential reported corresponds to the
redox couple His-FeIII-X/His-FeII, where X is the sixth
ligand in the oxidized state. Therefore, this redox potential
may not be directly compared to those reported for the wild-
type protein and the other mutants as it does not implicate
the same redox couple.

Resonance Raman Spectroscopy. FeIII Met FixLH States.
In the high-frequency region (Figure 5), the coordination/
spin state-sensitiveν2 andν3 and redox stateν4 marker bands
of the WT BjFixLH met protein at pH 7.4 are observed at
1564, 1494, and 1373 cm-1, respectively, clearly indicating
a ferric 5c HS heme iron (34, 35). The RR spectra are similar
for the R220I, Q, and E mutants and indicate that the spin
and coordination states of the iron do not change upon
Arg220 replacement by these residues, consistent with the
UV-visible absorption spectra (Table 1). However, the core-
size-sensitiveν3 andν2 modes downshift by 2 or 3 cm-1 in
these mutants, indicating an expanded heme core size (34),

FIGURE 2: (Left) UV-visible spectra recorded at pH 7.4 for wild-
type BjFixLH (s) and the R220H mutant (- - -). (Right) pH
titration of the R220H mutant obtained by UV-visible absorption.
The solid line corresponds to the two-state Henderson-Hasselbach
fit.
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corresponding to flattening of the heme macrocycle, as was
observed in the crystal structure of theBjFixLH R220A in
its FeIII met state (17).

In stark contrast, the RR spectrum of the R220H mutant
recorded at pH 7.4 shows major differences compared to
those of WT and the other mutants (Figure 5). Theν4

oxidation marker band is downshifted to 1370 cm-1 but still
clearly indicates an FeIII redox state. Theν2 andν3 spin state
and coordination marker bands have also significantly
downshifted from 1564 to 1556 cm-1 and from 1494 to 1478
cm-1, respectively. These values clearly indicate that in the
R220H mutant at pH 7.4, the FeIII center is six-coordinated
HS (36), which is further supported by theν38 mode (Câ-
Câ stretch) frequency at 1509 cm-1, downshifted by 15 cm-1

as compared to WT protein (1524 cm-1). These frequencies
are characteristic of a 6c HS FeIII ion and similar to those of
RmFixL I209H mutant (ν3 ) 1478 cm-1, ν38 ) 1510 cm-1,
ν2 ) 1554 cm-1) (16) and most myoglobins (Table 1) (37),
where a water molecule, exerting a weak ligand field, is
coordinated to the heme iron. These RR conclusions of a 6c
HS FeIII state for the R220H mutant are consistent with the
UV-visible and EPR results reported in Table 1. Because
the EPR spectra were recorded at liquid helium temperatures,
we also recorded the RR spectrum of the R220H as a
function of temperature down to 15 K; the RR data still
indicated that the 6c HS ferric state did not change (data
not shown). Upon acidification of the R220H solution, the
RR spectrum changes, and at pH 4.4, it is similar to that of

Table 1: Spectroscopic Properties of the FeIII Met States for WTBjFixLH and Mutants at Position 220

ligation λSoret E1/2 g values ν4 ν3 ν2 ref

BjFixL His/ 395 - - 1370 1493 1562 35
BjFixLH WT His/ 395 68 6.16, 5.51 1373 1494 1564 this work

R220H pH 7.4 His/OH2 408 40 6.30, 5.88, 5.30 1370 1478 1556 this work
R220H pH 4.4 His/ 398 - 6.06, 5.54 1371 1492 1562 this work
R220Q His/ 395 39 6.20, 5.45 1370 1492 1561 this work
R220I His/ 395 42 6.20, 5.45 1370 1494 1563 this work
R220E His/ 396 24 - 1371 1493 1562 this work

SWMb WT His/OH2 409 59 5.97b 1373 1485 1567 29, 33
H64Q His/OH2 409 - 6.29, 5.95, 5.53b - - - 29
H64L His/ 395 84 6.09, 5.54, 2.0b - - - 29, 33

RmFixL WT His/ 397 - 6.16, 5.75 1371 1492 1562 30
I209H His/OH2 409 - - 1370 1478 1554 16
I210H His/His 414 - - 1374 1505 1562 16

EcDOS WT His/OH2 416 67 - 1372 1505 1577 7, 8, 35, 50
a λ values are given in nanometers. Potentials are given in mV versus NHE. Raman vibrational frequencies are given in cm-1. b EPR values are

taken from the measurements in the Hepes buffer at pH 7.

Table 2: Spectroscopic Properties of the FeII Deoxy States for WTBjFixLH and Mutants at Position 220a

λSoret νFe-His ν8 Iν8
b P-6c IP-6

b P-7d IP-7
b ν4 ν3 ν2 ref

BjFixLH -
WT 218 - nre nr - 1353 1469 1555 35
WT 431 219 341 1.4 365 0.6 381 0.5 1354 1469 1555 this work

1His214 1Arg220
1Ile215 1His214

R220H 434 219 344 1.1 362 0.6 376 0.9 1352 1468 1554 this work
R220Q 432 217 341 1.2 363 0.6 378 0.7 1351 1467 1553 this work
R220I 432 216 344 0.8 363 0.5 376 0.9 1351 1467 1553 this work
R220E 432 217 341 1.4 362 0.6 376 (sh) 0.4 1352 1466 1553 this work

SWMb
WT 433 218 342 - 370f - 370f - 1357 1472 1564 27

1Arg45 1Ser92
1His97

a λ values are given in nanometers. Potentials are given in mV versus NHE. Raman vibrational frequencies are given in cm-1. kon values are
given in 10-4 M-1 s-1. b The band intensity is given relative to theν7 band at 675 cm-1 used to normalize the spectra.c δCâCcCd bending mode for
the propionate 6 group. Residues listed are those donating H-bond to the carboxylate group according to the respective X-ray crystal structure. The
number preceding the residue indicates the number of H-bonds donated by that residue.d δCâCcCd bending mode for the propionate 7 group. Same
as footnote b.e nr - not reported.f Denotes the observation of only one band for the two propionate groups.

FIGURE 3: EPR spectra recorded forBjFixLH WT pH 7.45 (A),
R220H pH 7.45 (B), and R220H pH 4.4 (C). Sample concentra-
tion: 50 µM, temperature 15 K. Samples were prepared in a 100
mM Hepes buffer for pH 7.45, and a 100 mM acetate buffer for
pH 4.4.
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the other R220 mutants at pH 7.4, withν2 andν3 frequencies
characteristic of a five-coordinated high-spin FeIII state
(Figure 5; Table 1).

The modes of the propionate and vinyl substituents are
sensitive probes for the orientation and position of the
porphyrin in the heme pocket and their interactions with the
surrounding residues (38, 39). The vinyl stretching modeνCd

C is observed as one intense RR band at 1630 cm-1 for WT
FeIII BjFixLH, and in the low-frequency region one intense
band at 412 cm-1 and a shoulder around 427 cm-1 are
attributed to the vinyl bending modesδCâCcCd(Figure 5) (27).
Both theνCdC andδCâCcCd frequencies are conserved upon
mutation of Arg220 to Ile, Gln, and Glu, indicating that the
position of the heme in the heme pocket is not affected by

the mutation. In the low-frequency area, two propionate
bending modesδCâCcCd are observed at 385 and 374 cm-1

for the WT BjFixLH protein. Such a splitting of the
propionate bending modes has been reported for some met
hemoglobins (37). According to the met-BjFixLH X-ray
structure, propionate 7 is hydrogen-bonded to both Arg220
and His214, whereas propionate 6 is hydrogen-bonded to
protein backbone carbonyl (Figure 1) (11). On the basis of
the X-ray crystallographic structure of wild-type FixLH and
the R220A mutant (11, 17), we may assign these two bands
to each propionate group based on their expected H-bonding
patterns deduced from the structures. Upon mutation of
Arg220, one propionate bending mode at 385 cm-1 is
observed to downshift by 5 cm-1, indicating weakening of
the H-bond to the propionate group (41). This observation
is fully consistent with the removal of Arg220 since two
H-bonds between the propionate 7 group and the Arg220
are proposed in the WT met-BjFixLH structure (11). Thus,
for the WT FeIII met-BjFixLH protein, the 385 cm-1 δCâCcCd

mode can be attributed to propionate 7 and the 374 cm-1

band to the propionate 6 group.

FeII Deoxy FixLH States. Porphyrin Modes.Theν3 (1467-
1469 cm-1) and theν4 (1351-1353 cm-1) frequencies in
the resonance Raman spectrum of WT deoxy-BjFixLH and
all four mutant proteins (Figure 6) clearly indicate the heme
iron for wild type and the mutants to be all in a ferrous 5c
HS state (34, 35), consistent with their UV-visible absorp-
tion spectra (Table 2). We note that the R220H mutant RR
spectra did not change with pH and therefore did not undergo
iron coordination changes as seen in the FeIII state. For all
four mutants, theν2 and ν3 frequencies are slightly down-
shifted (ca. 2 cm-1) compared to WTBjFixLH, in a manner
very similar to that observed for the FeIII met states (Figure
5), again indicating heme flattening and a more expanded
heme core size. These observations suggest that the changes
in heme planarity, related to removal of the native of Arg
220 residue, are similar to those reported in the X-ray
structure of the R220A met FeIII form (17) and that they can
be extrapolated to the deoxy-FeII form. Thus, it appears that
the removal of Arg220 results in a general flattening of the
heme of FixL in both its FeIII and FeII redox states,

FIGURE 4: (Top) UV-visible spectral changes recorded during
oxidative titration at pH 7.4 for WTBjFixLH compared to that of
the FeII deoxy species. (Bottom) Oxidative titration at pH 7.4 for
WT (]), R220Q (O), R220I (+), and R220E (×). Solid lines are
the fitted Nernst curves. When the data sets were fit allowingE1/2
andn to vary, values ofn ) 0.90-1.03 were obtained.

FIGURE 5: RR spectra of the met-FixL forms recorded withλ )
413.1 nm. (A) WT FixLH pH 7.4; (B7.6) R220H pH 7.4; (B4.4)
R220H pH 4.4; (C) R220Q pH 7.4; (D) R220I pH 7.6; (E) R220E
pH 7.4.

FIGURE 6: RR spectra of the deoxy-FixL forms recorded withλ )
441.6 nm at pH 7.4. (A) WT FixLH; (B) R220H; (C) R220Q; (D)
R220I; (E) R220E. High-frequency spectra were normalized versus
ν4 band intensity. low-frequency spectra were normalized versus
the ν7 band intensity (at 675 cm-1).
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independent of the oxidation state of the heme iron in its
high-spin five-coordinated state.

Vinyl Modes.The vinyl νCdC stretching mode in the RR
spectrum of the WT protein is split, exhibiting two compo-
nents at 1616 and 1623 cm-1 and indicating slightly different
environments or geometries for the two vinyl substituents
with respect to the heme plane (38), while the vinylδCâCaCb

bending modes are observed as a single band at 409 cm-1.
The vibrational frequencies of both modes are not influenced
by the mutation, similar to what was observed in the RR
spectra of the corresponding FeIII met states (Figure 5). These
observations indicate that the heme pocket environment near
the vinyl groups remains unchanged upon mutation of
Arg220.

Propionate Mode.For the wild-type protein, the propionate
δCâCcCd bending mode band is split, as was seen for the
corresponding FeIII met state, with two bands at 365 and 381
cm-1. A similar splitting was also reported for the FeII deoxy
RR spectrum ofRmFixL (16, 40) but was not discussed. Both
bands are modified upon mutation of Arg220 although not
in the same manner. The 365 cm-1 band is slightly
downshifted to 363 cm-1 for all mutants, and its relative
intensity appears not to alter (Table 2). In contrast, the 381
cm-1 band not only downshifts in frequency upon mutation
(by 3 cm-1 for R220Q, and 5 cm-1 for R220H, R220I, and
R220E), but also changes in relative intensity (Table 2). As
discussed above, we can assign the propionate RR bands on
the basis of the X-ray crystal structures ofBjFixLH (11).
The band at 365 cm-1 shows only minor frequency changes
upon mutation and is therefore attributed to the propionate
6 group, which is not expected to be in interaction with R220
according to the crystal structure (12). The other band at
381 cm-1 is attributed to the propionate 7 group which is
H-bonded to R220 in the FeII deoxy state (12) and is thus
expected to exhibit the most dramatic changes in vibrational
frequency upon substitution of the Arg 220 residue which
severs this H-bond (Table 2). For all four mutants, the
downshifts of theδCâCcCdbands are correlated with decrease
of the ν9 band frequency from 252 cm-1 in the wild-type
protein to 249 cm-1, which can be ascribed to a weakening
or loss of H-bonding to the propionate groups (39). Thus,
the observed downshift of the propionate 7δCâCcCdfrequency
(at 381 cm-1 for WT, Figure 5) is consistent with a loss of
H-bonding to this group upon mutation. The similar frequen-
cies of theδCâCcCdbending mode for the four mutants indicate
that none of the genetically introduced residues donates
additional H-bonds to the propionate 7 group. Evidently, only
arginine is capable of H-bonding to the propionate groups,
which is important to ensure its complete displacement away
from the heme Fe oxygen binding site.

TheδCâCcCdmode band intensity is related to the coupling
between the Soret transition and the propionate 7 group
geometry with the heme plane (41); the more the propionate
group is in-plane, the more its corresponding RR band will
be resonantly enhanced. Compared to that of the wild-type
protein, the propionate 7 bending mode intensity is slightly
increased in the R220Q mutant and sizeably increased in
both the R220H and R220I mutants (Table 2). This indicates
that the propionate 7 geometry is modified upon R220
mutation, consistent with the X-ray structure of the met
R220A mutant (17). For the R220E mutant (Table 2), the
considerable attenuation of the propionate 7δCâCcCd mode

RR band at 376 cm-1 band could be due to an unusual, more
out-of-plane geometry of the propionate 7 group (41)
imposed by steric constraints or possibly an electrostatic
(repulsive) interaction between the propionate group and the
nearby deprotonated, negatively charged Glu side chain (see
above).

For the R220H, R220Q, and R220I mutants, theν8 band
at 341 or 344 cm-1 (Figure 6), which is ascribed to a
combination of pyrrole stretching and propionate substituent
bending modes (27, 42), is seen to lose intensity upon
mutation (Table 2) and theγ6 mode at 332 cm-1 (pyrrole
tilting mode (27)) becomes more intense, indicating an
increased flexibility for the propionate groups (39, 43). These
intensity changes are greater for the R220H and R220I
mutants than for the R220Q mutant. In contrast, theν8-γ6

spectral region for the R220E mutant is very similar to that
of WT protein (where the propionate 7 group is H-bonded
with Arg 220), indicating more rigid propionate groups. In
both cases, this rigidity could be attributed to electrostatic
interactions between the residue 220 and the propionates,
consistent with the negatively charged Glu 220 proposed
above.

Thus, for the FeII deoxy states of WTBjFixL mutants, we
observe in general that both (i) the intensity of the RR band
due to the propionate 7 heme group and (ii) its flexibility
increased following the order: R220E≈ WT < R220Q<
R220H≈ R220I (Table 2).

To summarize the RR results of the propionate groups in
the FeII state of FixL: (i) We have been able to assign the
365 and 381 cm-1 RR bands in the FeII deoxy state of WT
FixL to the heme propionate 6 and 7 groups, respectively.
For the FeIII met state, they were observed at 374 and 385
cm-1, respectively. (ii) Replacement of Arg 220 with other
residues does not conserve the H-bond interaction between
residue 220 and the heme propionate 7 group, which in turn
(iii) results in an increase in propionate flexibility and rotation
of the propionate 7 group more in-plane with the heme group
(Figure 6 and see refs11 and 17). An exception to this
observation occurs for the Glu 220 mutation where an
unusual out-of-plane propionate geometry is reflected, most
likely due to negative electrostatic charge of the Glu side
chain.

FeII-Histidine Mode.The RR band corresponding to the
νFe-His stretching mode is readily observed in heme (b-type)
proteins, where the central iron is in the FeII 5c HS state,
typically around 216-220 cm-1 in Mb and Hb (27, 34). Both
the vibrational frequency and the relative intensity of this
νFe-His RR band provide structural information concerning
the heme FeII-His coordination. InBjFixLH, the νFe-His

stretching mode arising from the proximal His200 was
observed at 219 cm-1 for the WT (Figure 6). This frequency
is somewhat higher than that reported forRmFixL at 209-
212 cm-1 (40), but similar to that previously reported (218
cm-1) for BjFixLH (35). For the R220H, R220I, R220Q, and
R220E mutants, theνFe-His stretching mode is observed at
lower frequency, indicating a weakening of the Fe-His200

bond (Table 2). This observation is consistent with the
lengthening of the Fe-His200 bond (+0.31 Å) reported in
the X-ray crystal structure of the R220A mutant of met-
BjFixLH (17). However, the relative intensity of theνFe-His

stretching mode band of the R220I, R220Q, and R220E
mutants is increased as compared to that of WT. The
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enhancement of theνFe-His band intensity can be attributed
to the increase of both the azimuthal and tilt angles of the
Fe-His unit (44), consistent with the crystallographic
structure of the R220A met-BjFixLH mutant, which indicates
a change of the orientation of the imidazole ring with respect
to the heme pyrrole nitrogen atoms and an increase in tilt in
the Fe-His bond with respect to the heme plane (17). For
the R220H mutant, which exhibits the sameνFe-His frequency
as the WT protein, the band intensity is markedly increased,
suggesting significant increase in tilt and/or azimuthal angles
(17, 44).

DISCUSSION

Arginine 220 is a strictly conserved residue in FixL oxygen
sensors that has been shown to be important for selective
ligand affinity (21) and histidine kinase inactivation (17).
The specific structural modifications resulting from the
mutation of Arg220 we have identified here can be related
to functional differences, especially with respect to thekon

values for O2 and CO previously published, thus providing
further information on the ligand selectivity mechanism (21).
In addition, the BjFixLH R220H mutant unexpectedly
exhibits pH- and redox-dependent heme iron-coordination
changes, which is reminiscent of some WT myoglobins and
of EcDos but is completely unprecedented for FixL proteins.
Our findings that theBjFixLH R220H mutant can switch
from a six-coordinated high-spin to a five-coordinated high-
spin heme iron state upon FeIII /FeII redox state change reveal
the potential of engineering FixL into a redox sensor as well
as an oxygen sensor, as well as providing new insights into
the mechanism of oxygen sensing in general for these PAS
heme-based sensors.

The R220H Mutant. FeIII State.The R220H mutant exhibits
a unique behavior not previously observed for FixL proteins.
At pH 7.4, the heme iron is six-coordinated HS in the FeIII

state, unlike WT and the other mutants, which are all 5c
HS. At low pH (e.g., pH 4), the iron R220H mutant is
completely in a 5c HS state as determined by UV-visible
absorption, RR, and EPR spectroscopies. The pH-dependent
5c T 6c transition of the R220H FeIII iron is probably due
to a single protonation of a heme pocket residue with an
apparent pKa value of 5.7 (Figure 2). This value is compatible
with that of a distal histidine residue, since in several hemo-
or myoglobins, pKa of the distal His(E7) residue is observed

in the pH range 4.3 forSWMb (45) to 6.3 for midge larva
Hb (46). Thus, the sixth ligand of the His mutant might be
considered to be the actual His220 side chain itself. However,
such resulting FeIII-bis-histidine coordination usually results
in low-spin FeIII states (Table 1 and ref47), unlike the high-
spin state we observe here. Thus, we propose that the sixth
ligand in the R220HBjFixLH FeIII state is most likely a water
molecule since the spectroscopic features are very similar
to that ofSWmet myoglobin. The proposed structure of the
heme pocket at pH 7.4 is schematically shown in Figure 7,
where the FeIII center is coordinated with a water molecule
that is itself H-bonded with the His residue at position 220.
At low pH, this His220 becomes protonated, thus destabiliz-
ing the coordination of the water molecule with the FeIII

center. This resulting structure is similar to that ofSWMb
(15) andEcDos (9), but in EcDos the FeIII is low-spin (7).
The presence of a water molecule and His220 pointing inside
the heme pocket ofBjFixLH suggests a more hydrophilic
heme pocket whose structure, especially with respect to the
hydrophobic Ile238 and Ile215 side chain positions (Figure
7), should be similar to that reported in the FixL crystal-
lographic structures of all six coordinated states (12). On
the basis of the similarity of the RR spectra in the propionate
bending mode region for the R220H mutant in the FeIII deoxy
and FeII-O2 states (21), we further expect displacement of
the crucial FG loop (including Ile215), as observed for the
R220H FeII-O2 state where His220 interacts via a hydrogen
bond with the O2 ligand (21). Displacement of Ile215 is
further supported by the results obtained for the I210H
mutant ofRmFixL, which exhibits both an isoleucine (Ile209
) Ile215 inBjFixL) and a histidine residue around the heme
iron and still has a hydrophobic heme pocket with no
coordinated water molecule in the met state (16). By analogy,
Ile215 and the water molecule should not be present together
in the heme vicinity of theBjFixLH R220H mutant.

In contrast, for the low pH RR spectrum of theBjFixLH
R220H mutant (Figure 5) theνCdC vinyl stretching frequency
is identical to that of WT at pH 7.4, where it is known that
Arg220 is pointing away from the heme iron while Ile238
is pointing toward the iron. The heme vinyl groups ofBjFixL
are in van der Waals contact with Ile238 (and Leu236) (14),
therefore the lack of change in the vinyl frequencies
indicating that Ile238 of the hydrophobic triad is still pointing
toward the iron for the R220H mutant. This implies that the

FIGURE 7: Schematic of the structural modifications for the FeIII and FeII states of the R220HBjFixLH mutant at neutral pH as compared
to wild type.

Heme Propionate-Arg220 Interaction in FixL Biochemistry, Vol. 45, No. 7, 20062079



protonated His220 residue is pointing toward the outside of
the heme pocket and thus results in a small highly hydro-
phobic heme pocket in the immediate vicinity of the central
heme iron, similar to that of the wild-type FeIII protein (10).
Still, we do not detect a significant H-bond interaction
between His220 and the propionate 7 group as is present in
the WT. This lack of H-bond can be due to the reduced
length of the His side chain as compared to arginine or to
protonation of propionate 7 at pH 4.4, since heme propionate
usually ionizes with a pKa of 5-6 (48).

FeII State.Upon reduction of the R220H mutant from the
met FeIII to the FeII deoxy state, the coordinated water
molecule is lost, resulting in a 5c HS FeII heme iron state. A
similar behavior is observed for most myo- and hemoglobins;
however, in these cases, the water molecule is maintained
in the distal pocket and still interacts via a H-bond with the
His(E7) residue (15). For myo- and hemoglobin, this results
in steric hindrance in the distal pocket and lowkon values
for both O2 and CO binding (49). For the R220H mutant,
the kon values for O2 and CO bonding are similar to those
reported for the R220I and R220Q mutants (21). This means
that no additional steric hindrance is noticed in the distal
pocket of the R220H mutant and strongly suggests that the
water molecule ligated to FeIII in the met form is not situated
near the Fe-O2/CO binding site in the deoxy FeII state.
Moreover, analysis of the vinyl substituent frequencies
indicates that the vinyl environment is similar in the wild-
type protein and in the R220H mutant. This indicates that
the Ile238 side chain is not directed toward the vinyls as in
the R220H FeIII state, but pointing toward the iron as in the
wild-type protein (Figure 7).

Analysis of the RR spectra of the FeII deoxy state indicates
highly flexible propionates in a similar way as for the R220I
mutant. However, the structure of the FeII R220H mutant is
not exactly that of the other mutants, as indicated by increase

of both frequency and intensity of theνFe-His stretching mode,
indicating a stronger Fe-His interaction.

Redox BehaVior of the R220H Mutant.In the FeIII state,
the R220HBjFixLH mutant exhibits a similar high-spin six-
coordinated structure as that of myoglobin, with both a His
and a water molecule in the axial positions (15). Upon
reductive titration, the water ligand is displaced and the iron
becomes five-coordinated (His-Fe). Therefore, for both
proteins, the observed redox midpoint potential corresponds
to the redox couple His-FeIII-OH2/His-FeII. However, for
SWMb the water ligand remains in the heme pocket, whereas
for the R220HBjFixLH mutant, the water molecule exits
the heme pocket, with substantial FG loop shift. The absence
of hysteresis in both cases indicates that rapid interconversion
is observed between both redox state stuctures, implying a
relatively low activation energy for the hydrophobic to
hydrophilic transition in the R220HBjFixLH mutant despite
the fact that it is associated with a shift of the FG loop. This
observation is generally consistent with the high flexibility
expected for PAS domains (3). The electrochemical behavior
of the R220HBjFixLH mutant protein is quite similar to
that reported for the oxygen/redox sensorEcDos. Upon
reductive titration, the water ligand of the low-spinEcDos
His-FeIII-OH2 complex is replaced by a methionine residue
leading to a 6c His-FeII-Met complex (9). Again in this
case, no hysteresis is reported for the redox titration (8). This
implies that the structural modifications related to the ligand
exchange are rapid and reversible on the time scale of the
electrochemical experiment and the 67 mV redox potential
reported forEcDos corresponds to the redox couple His-
FeIII-OH2/His-FeII-Met. The recent crystallographic struc-
tures reported for the FeIII state ofEcDos indicate that the
water ligand is not stabilized by a histidine residue, consistent
with a pH-independent coordination state, and comparison
of theEcDos crystallographic structures of both redox states

FIGURE 8: Correlation between thekon values for O2 (filled symbols) and CO (empty symbols) (24) and the hydrophobicity index of the
residue in position 220 (bO) (60), theν8 Raman band relative intensityIν8 (90), and the propionate 7δCâCcCd band relative intensityIP-7
([]), both reported in Table 2.
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indicates substantial stiffening of the FG loop upon reduction
(50).

The FeII Deoxy States: Functional Implications.The FeII

deoxy state is a key state in FixL functioning. Mutation of
Arg 220 to Ile, His, Gln, or Glu does not alterBjFixLH iron
coordination (5c) and spin state (HS) in the FeII deoxy state,
as revealed by UV-visible, EPR, and resonance Raman
spectra (see above for the R220H mutant). Still, several
structural changes in the heme vicinity are reported. First,
the RR spectra of these mutants clearly indicate that removal
of the Arg 220 side chain results in the net loss of an H-bond
interaction on the heme propionate 7 group consistent with
the crystal structure (17), where Arg220 is engaged in a
H-bond interaction with the heme propionate 7 group.
Comparing the properties of the arginine side chain with
those others in the series of mutants studied here that are
capable of donating H-bonds (e.g., glutamine, histidine), we
found that it is probably a combination of the length of the
Arg side chain and its positive charge that is largely
responsible for H-bonding with the propionate 7 group. For
the R220E mutant, as deduced from the electrochemical
redox titrations (see Results), the Glu side chain is most likely
deprotonated and thus incapable of donating a H-bond.
Disruption of this H-bond also affects the H-bond network
near the propionate 6 group (Table 2). This leads to
modifications of the propionates’ flexibility and of the
propionate 7 geometry as gauged by several propionate
sensitive modes (e.g.,δCâCcCd, γ6 modes) in the low-frequency
RR spectra.

Protein Conformational Changes.Key structural elements
of signal initiation in oxygen-sensing in FixL have been
proposed to be the change in heme planarity and concomitant
changes in H-bond interactions with respect to the heme
propionate groups when O2 dissociates from the FeII atom
(12). Here, we have a unique opportunity to investigate the
structural changes occurring when the hydrogen bond
between residue 220 and propionate 7 is broken without the
presence of O2. The RR spectra of the FeII redox states of
the four R220I, R220H, R220Q, and R220EBjFixLH
mutants indicate an increase in the heme planarity as
compared to WT. In addition, theνFe-His stretching mode in
the FeII deoxy state spectra shows that frequency decreases
indicate a weakening or lengthening of the Fe-His200 bond,
as well as increases in band intensity which can be ascribed
to changes in the orientation of the imidazole plane toward
the porphyrin ring, with increase of the tilt and/or the
azimuthal angle (44). The above-mentioned structural changes
are similar to those reported upon O2 fixation in the wild-
type protein (10-12). Thus, part of the heme structural
changes usually attributed to O2 fixation appears to be
induced solely by the disruption of the H-bond between
propionate 7 and Arg220. This H-bond places the arginine,
which is part of the critical FG loop, in a position pointing
away from the O2 binding site, thus “locking” the protein in
a particular conformational state. The rupture of this H-bond
as seen in all the mutants studied here induces a “release”
of the locked protein conformation, which results in geo-
metrical rearrangement of both the propionate 6 and 7 groups
along with concomitant changes in heme planarity as well
as heme FeII-His200 bond length and histidine orientation.
Since the His200 is part of theR-helix connected to the critical
FG loop (10), whose movement is thought to be important

in signal transduction and ligand discrimination, the observed
changes in its orientation with the heme when the Arg220-
propionate 7 H-bond interaction is removed should be
transmitted to theR-helix and thus to the FG loop.

In the R220H and R220I mutants, residue 220 is pointing
outside the heme pocket in the FeII deoxy states (see above
for the R220H mutant). This indicates that the interaction
between residue 220 and propionate 7 is not required to
maintain residue 220 outside of the heme pocket, but that
this structure is thermodynamically favored when no ligand
is bound to the iron. The results presented here, together
with those previously reported (21), provide further evidence
that the H-bond between Arg220 and the propionate 7 group
of the heme is important for ligand discrimination in the O2

sensor FixL. X-ray crystallographic (12) and RR data (21)
show that the native Arg220 residue does not interact with
CO in the FeII-CO state but remains H-bonded with the
propionate 7 group like in the FeII deoxy state as seen by
the crystal structure (12) and in the RR work reported here.
Only when O2 is bound does the Arg220 residue rupture its
H-bond with the propionate 7 heme group and move toward
the O2 ligand to interact with it. The results obtained for the
histidine mutant indicate that, upon all ligand binding (H2O,
CO, and O2) (21), structural reorganization of the heme
pocket occurs, implying displacement of the Gâ-sheet and
FG loop residues (Leu236, Ile238, and residue 220), and no
ligand discrimination is observed. This indicates that the 6c
thermodynamically stable structure of the mutant is the one
having residue 220 pointing inside the heme pocket. Ex-
trapolation of this observation to the WT protein strongly
suggests that the role of the strong interaction between
propionate 7 and Arg220 is to prevent displacement of this
residue inside the heme pocket upon binding of ligands other
than O2.

O2 and CO kon Binding Rates.In our previous article (21),
we were able to relate the observed O2 koff values for the
mutants with the formation of H-bonds with the bound O2

molecule; however, the variation inkon values could not be
explained. The structural modifications reported here for the
FeII deoxy states of the mutants may be related to the reported
kon values for the binding of the O2 and CO ligands. We
previously showed that mutation of Arg220 in theBjFixL
hemodomain leads to an increase in thekon values for both
diatomic ligands (21). Our RR results indicate that the
conformations of the vinyl substituents remain unchanged
for the mutants in their FeII deoxy states. Since the vinyl
substituents are in van der Waals contact with the Leu236/
Ile238 residues of the hydrophobic triad (14), this observation
indicates that the positions of the Leu236 and Ile238 residues
(10) in the heme distal pocket, and thus its degree of
hydrophobicity, remain largely unchanged in the vicinity of
the Fe-O2/CO binding site. Thus, hydrophilic residues such
as His or Gln at position 220 should point away from the
Fe-O2 binding site of the heme pocket, as Arg220 does in
the WT protein, leading to a more or less unchanged FG
loop position as compared to the WT FeII deoxy protein.
Therefore, differences in the observedkon values for the
mutants cannot be explained by steric changes around the
iron atom. Two other explanations may be proposed. One is
that the interaction between Arg220 and propionate 7 is
localized in the entrance channel of the ligands, resulting in
steric hindrance for ligand approach and binding. This
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proposal is further supported by the crystallographic structure
where Arg220 interacts with solvent water molecules (10).
The second explanation is that increase in the His200 tilt
and/or azimuthal angles (see above) results in a decrease of
the repulsion energy between the imidazole carbon atoms
of His200 and the porphyrin nitrogen atom, leading to a
decrease in the activation energy of bond formation between
the iron and the ligand (51).

We rather observe a correlation between both thekon values
for O2 and CO and the geometry/flexibility of the propionates
indicated by theν8 and δCâCcCd(P-7) relative intensities
(Figure 8) than with theνFe-His frequency. Moreover, we also
notice that thekon values for CO and O2 binding correlate
with the hydrophobicity index of the residue in position 220
(52), which has to be an important parameter since Arg220
is interacting with a solvent molecule in the wild-type
BjFixLH protein (10) indicative of a fairly accessible
Arg220-propionate 7 cluster. Figure 8 shows that highkon

values for both ligand bindings correlate with a high HI for
residue 220, with lowν8 intensity indicative of flexible
propionates and with highδCâCcCd(P-7) intensity indicative
of more in-plane propionate 7 geometry.

In the wild-type BjFixLH protein, the interaction of
propionate 7 with Arg220 is based on an electrostatic
attraction together with H-bond formation that rigidifies
propionate 7 in a fixed geometry (Iν8 high andIP-7 low).
This results in the formation of a rigid hydrophilic cluster,
probably also involving water molecules according to the
X-ray structure (10). For the R220E mutant, the propionate
7 group appears to be more rigid as seen by RR, which we
attribute to electrostatic repulsion between the propionate 7
and the negatively charged glutamate. Because this negatively
charged residue is hydrophilic, this interaction probably
induces formation of a cluster also containing water mol-
ecules. As in the wild-type protein, this interaction rigidifies
propionate 7 in a fixed geometry. In both cases, thekon values
for O2 and CO binding are low. For the R220H and R220I
mutants, RR analysis of the deoxy state indicates highly
flexible propionates (Iν8 low and IP-7 high), rotated away
from the heme plane, and we observe an increase in thekon

values. For the R220Q mutant, we observe a slight increase
in the propionate flexibility together with slight rotation away
from the heme plane, and we report an increase in thekon

values. The structural differences observed between the
R220I and R220Q mutants may be due to weak interaction
of the Gln with propionate 7 probably via water molecule,
since glutamine (HI) -0.22) is much more hydrophilic than
isoleucine (HI) +1.8) (52). This proposal is consistent with
the slight increase of theδCâCcCd frequency reported for the
R220Q mutant (Table 2).

We finally propose that both the heme propionate 7 and
Arg220 are located in the entrance channel of the ligands
and that formation of a hydrophilic cluster involving both
groups and probably water molecules hinders the approach
of both O2 and CO molecules, most likely by steric
hindrance. Hydrophobicity of the propionates has been
previously shown to influence thekon rates for both O2 and
CO binding in myoglobin (53). For BjFixL, this proposal is
further supported by molecular dynamics simulations of
ligand dynamics in the heme environment of wild-type and
mutant FixLH (Lambry, J.-C., Liebl, U., and Vos, M. H.,

unpublished results). Thus, the size of the 220 residue also
has to be an essential parameter for the ligand entrance rate.

CONCLUSION

In both the met FeIII and FeII deoxy forms of the wild-
type BjFixLH protein, the heme pocket is characterized by
a high degree of hydrophobicity, which is mainly due to the
presence of the hydrophobic triad Ile215/Leu236/Ile238
conserved in several sensor proteins presenting PAS domains.
In both redox states, this peculiar heme pocket structure is
associated with a fully active histidine kinase domain. In
the deoxy state, the lack of perturbation on the heme vinyl
groups strongly suggests that the structure of the heme pocket
and the position of the FG loop remain unchanged upon
mutation of Arg220. Thus, we expect these mutations to not
strongly affect the kinase activity of the full length FeII

enzyme. In contrast, we report structural modifications at
the level of the heme propionate groups for the FeII and FeIII

resting states upon R220 mutation that are related to thekon

values for ligand binding previously published (21). The
interaction between propionate 7 and Arg220 is essential to
lock the protein structure and enhance ligand discrimination,
by maintaining Arg220 outside of the heme pocket upon CO
and NO binding. However, this interaction appears also to
be responsible for the lowkon values reported for ligand
binding, most likely by generating steric hindrance in the
ligand entrance channel.

We also report a unique six-coordinated FixL FeIII state
of the R220H mutant exhibiting a heme pocket, where the
His220 is pointing toward the inside of the heme pocket and
interacting with a bound H2O ligand. We report for the first
time for FixL that hydrophobicity of the heme pocket, and
the position of the FG loop, can be modified by only
changing the redox state of the metal. This should result in
a partial inhibition of the histidine kinase activity. Thus, by
changing Arg220 into His220, the function of theBjFixLH
protein is strongly altered, and the protein becomes redox-
sensitive. We notice that this effect appears to be very
specific to histidine and that substitution of Arg220 by
another hydrophilic residue capable of H-bonding (e.g.,
glutamine) does not allow the structural switch by changing
the redox state of the protein.

SUPPORTING INFORMATION AVAILABLE

Oxidative and reductive redox titrations for the R220H
variant ofBjFixLH at pH 7.6. This material is available free
of charge via the Internet at http://pubs.acs.org.
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