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ABSTRACT: FixL is a bacterial heme-based oxygen sensor, in which release of oxygen from the sensing
PAS domain leads to activation of an associated kinase domain. Static structural studies have suggested
an important role of the conserved residue arginine 220 in signal transmission at the level of the heme
domain. To assess the role of this residue in the dynamics and properties of the initial intermediates in
ligand release, we have investigated the effects of R220X (XQ, E, H, or A) mutations in the FixLH

heme domain on the dynamics and spectral properties of the heme upon photolysidNaG,@&nd CO

using femtosecond transient absorption spectroscopy. Comparison of transient spectra for CO and NO
dissociation with steady-state spectra indicated less strain on the heme in the ligand dissociation species
for all mutants compared to the wild type (WT). For CO and NO, the kinetics were similar to those of the
wild type, with the exception of (1) a relatively low yield of picosecond NO rebinding to R220A,
presumably related to the increase in the free volume of the heme pocket, and (2) substantial pH-dependent
picosecond to nanosecond rebinding of CO to R220H, related to formation of a hydrogen bond between
CO and histidine 220. Upon excitation of the complex bound with the physiological sensor ligaad O

5—8 ps decay phase and a nondecaying (is) phase were observed for WT and all mutants. The strong
distortion of the spectrum associated with the decay phase in WT is substantially diminished in all mutant
proteins, indicating an R220-induced role of the heme in the primary intermediate in signal transmission.
Furthermore, the yield of dissociated oxygen after this phad®% in WT) is increased in all mutants,

up to almost unity in R220A, indicating a key role of R220 in caging the oxygen near the heme through
hydrogen bonding. Molecular dynamics simulations corroborate these findings and suggest motions of
O, and arginine 220 away from the heme pocket as a second step in the signal pathway on the 50 ps time
scale.

In the bacteriumBradyrhizobium japonicun(Bj),! the FixLH belongs to the family of PAS domains which
FixL/FixJ two-component regulatory system is part of the possess a conserved fold binding various cofactors and are
signaling cascade that enables the organism to adapt itfrequently involved in transducing structural protein changes,
respiratory metabolism to the aerobic or microaerobic state in the case of FixL in response to the binding of diatomic
of its environment. FixL is a heme-containing multidomain molecules. Several X-ray crystallographic structures of the
protein (). It contains a histidine kinase domain that BjFixL heme domain in the ferric and ferrous unliganded
phosphorylates the transcription factor FixJ and an oxygen-state and with various ligands bound to the heme are
sensing heme domain FixL2,(3). The kinase activity of  available 6—8) as well as the three-dimensional structure
this protein dramatically decreases when oxygen binds toof FixLH from Rhizobium meliloti(9). These structures
the heme. FixL activity is also modulated by binding of other provide models for the starting and end points of signal
gaseous ligands such as CO and NO, but to a far lesser extertransmission within the heme domain, and mechanistic
4. models for the pathway between these points have been

proposed §, 9).
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spectral characteristics of intermediates have been studiedhe initially formed transmission intermediate and the
using various spectroscopic techniqu&8<13). As in most “oxygen cage” properties of the heme pocket.

heme proteins, CO rebinding is essentially bimolecular and

can be studied with nanosecond and lower time resolution. MATERIALS AND METHODS

In this way, resonance Raman spectroscopy with nanosecond
pulses provided indications that the heme structure of the f d iouslv d ibdd
CO-photodissociated complex differs from the relaxed deoxy Were periormed as .prev!ous y describad)(

state (1), and transient absorption data suggested that on a Sample PreparationFixLH was prepared to a heme

millisecond time scale the relaxed deoxy state is recoveredConcer.]trmion of 5870 uM in a gastight optiggl cell With_
(13). In view of the high yield of geminate herdigand an optical path length of 1 mm. Unless specified otherwise,

rebinding (@2), the characterization of the dissociated ]Ehe bu?fter: wastSQ mt'r\{l I-:jepes bu;fer (pH 8.0).cher the deoxyl
complex for NO and the physiological ligand @quires a oM of the protein, the degassed as-prepared (ferric) sample

much higher time resolution. Using femtosecond transient was reduced with 10 mM sodium dithionite. For the CO

; - form, the deoxy form was equilibrated with 1 atm (1 atm
absorption spectroscopy, we have previously shown sub- .
stantial constraints on the heme spectrum upon excitationml'3 kPa) of CO. For measurements m_the presence of O
of the liganded FixLH complexes in the ordes © NO > and NO, the degassed sample in the ferric state was reduced

CO (12), implying the buildup of intermediate states between with 10 mM ascorbate, using 1M he'x.amine rthenium
heme-liganded and relaxed unliganded states. In addition,aS a mediator, and subsequently equilibrated with 1 atm of

specifically for oxygen, extremely fast (5 ps) re-formation ©2 @nd 0.01 atm of NO, respectively. _

of the steady-state hem®, complex was observed with SpectroscopySteady-state spectra were recorded using a
only ~10% O escaping from the heme pockd®f. Thus Shimadzu UV~vis 1601 spectrophotometer. Multicolor
despite the low oxygen affinity (130M) (10), the heme femtosecond absorption spectroscofif)(was performed
pocket efficiently traps oxygen and acts as a picosecondWith @ 30 fs pump pulse centered at 565 nm and3® fs
“bistable switch”, which allows a fraction of dissociated White light continuum probe pulse, at a repetition rate of 30
oxygen to bring about the ensemble of further intermediates HZ- Full spectra of the test and reference beams were
in the sensing process. Although the steady-state heme€corded using a combination of a polychromator and a CCD
configurations are very similar to those in nonsensor heme @mera. Multiple time window acquisition schemes were
proteins such as myoglobin, the spectral characteristics ofUS€d, With windows ranging from 4 ps to 4 ns full scale. Al
the transients are dramatically different, implying a specific &XPeriments were carried out at 2C. The sample was
role of the protein environment in the transiently formed Ccontinuously moved perpendicular to the beams to ensure
initial signaling intermediate. sample renewal between subsequent pulse pairs.

A conserved arginine residue (R2208n japonicun) is Basic data matrix manipulations and presentation were
present in all known FixL proteins, and its equivalent is also Performed using Matlab (The Mathworks, South Natick,
found in the distal pocket of the relat&tDos heme-based ~MA). The absorbance changes were globally analyzed in
sensor proteinld). This residue has been proposed to play €rmMs of a multiexponential modgl and dt_—zcay—assomated
a crucial role in ligand discrimination and in the signal SPectra using the SPLYMOD algorithrg), with a Matlab
transmission pathway, because of its striking rearrangementnterface 20). _ _ _
between the oxy complex, where R220 is hydrogen-bonded ~Molecular Dynamics SimulationsA model of the oxy
to the terminal oxygen atom, and the deoxy-, NO-, and CO- complex of theB. japonicumFixLH heme domain was
bound states, where it interacts with propionate 7 of the hemeconstructed using the molecular modeling program CHARMM
(6, 7). Indeed, a characterization of the R220A mutant of (21) (version 30b1) and the crystal structure of the wild type

BjFixL revealed modifications of the heme structure and BjFixLH oxy complex (Protein Data Bank entry 1DP).(
oxygen affinity as well as changes the activity of the The modelincludes 104 residues (+5267), one heme, one

enzymatic domain and its regulatiohs). dioxygen ligand, and 1031 water molecules that surround

To further probe the role of R220 in ligand sensing and the protein.
early signaling, we have constructed several position 220 Simulations were performed with a relative dielectric
mutants of FixLH. Mutations of R220to |, Q, H, and E were constant of 1 for the entire structure and with a time
selected to alter the electrostatic and hydrogen bondingintegration step of 1 fs. Hydrogen atoms were generated
properties, with minor steric modifications, and the mutants using the “HBUILD” CHARMM command. The length of
were characterized by their steady-state resonance Ramatonds with hydrogen atoms was fixed using the SHAKE
spectra and bimolecular ligand interaction propertiés 17). algorithm, and nonbonded interactions were gradually set
In addition, the FixLH R220A mutant in which steric to zero between 8 and 14 A. After energy minimization using
modifications are quite substantial was construciél. (For SD and ABNR algorithms, a heating phase from 0 to 300 K
all mutant proteins, the ligand binding and dissociation rates over 30 ps and an equilibration phase at 300 K over 300 ps
were found to be substantially increased and the overall were performed. Free dynamic simulations over 500 ps for
oxygen affinity was found to be modified §). In this work, WT and 200 ps for mutants with restart backup each 50 ps
we study the influence of these mutations on the initial were achieved. The backbone root-mean-square deviation
dynamics and heme perturbations after ligand dissociationbetween the crystal structure and the simulated structure
using femtosecond spectroscopy. Along with molecular remains below 1.2 A at all times before dissociation.
dynamics simulations, our results imply that the presence Oxy complex models for mutants in which position 220
of the conserved arginine residue at position 220 strongly, was occupied by | or A were generated starting from the
but not exclusively, determines the strain on the heme in WT X-ray structure using the same procedure, after deletion

DNA manipulations, protein expression, and purification
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0.6 Table 1: NO Recombination Properties in WT and Different

04 Mutants of FixLH
g 0'2 fast phase middle phase slow phase
g ' T Amp 7 Amp T Amp constant
2 0 F (ps) ()  (ps) (%) (ps) (%) (%)
5 02 : widtype 46 70 17 20 190 5 5
_g —04 i R220H 8.5 83 25 10 1100 4 3
g ’ v R220Q 8.7 62 - - 190 28 10
5 -06 | T Steady state R220A 8.5 50 - - 105 17 33
2 iy

-0.8 : - - constant . . . .

; 0 cantly, lower as judged from the residuals), implying that at

220 250 250 0 5 7 most~40% of the dissociated CO escapes from the protein.

wavelength, nm time, ns The spectra associated with the decay phases and the

FiGURE 1: CO recombination in the R220H mutant of FixLH. In  @Symptotic phase deviate from the steady-state difference
the right panel is a comparison of kinetics at 442 nm in the wild Spectrum, implying an intermediate heme configuration. This
type @) and the R220H mutant at pH 8.0) and 4.5 4, in 50 is the case in particular for the spectrum of the faster, 280
mM acetate buffer). The dashed line through the R220H pH 8.0 ps phase, which is more perturbed than the spectrum

data is a fit to a single exponential and a constant. The solid lines ; ; . : : . .
through the data at both pHs are fits to two exponentials (280 ps a}SSOCIated with dlssoc'.ated CO in WT F'XLH 0’? a similar
and 2.4 ns) and a constant. In the left panel are normalized spectrdiMe scale 12), suggesting that the relatively rapid heme

of components from the multiexponential fit: 280 ps phase,( CO rebinding is at least partially due to a constrained heme
2.4 ns phase-{-+), nonrelaxing phase (- - -), and steady-state CO configuration associated with the presence of a distal
binding difference spectrur). The spectra are normalized at 425 histidine.

nm; the relative amplitude of the phases is 0.25 (280 ps), 0.35 (2.4 When the pH was lowered from 8.0 to 4.5, the relative

ns). and 0.40 (constant). amplitude of both decay phases decreased (Figure 1). This
observation correlates well with a change in the distribution
of CO interactions in the CO complex of the R220H as
inferred from Fourier transform infrared spectroscopy (see
the Supporting Information). These observations reflect
conformational changes in the CO environment presumably
fJelated to the protonation state of H220 (see Discussion).

NO Dissociation and Rebindingo study the interaction
of FixLH with oxygen and nitric oxide, the degassed sample
was reduced with ascorbate (see Materials and Methods).
In all mutants, the reduction of the sample was complete,
with the exception of R220E [which has a relatively low
redox potential 17)], where it amounted to only40%.

In the mutants, a stable complex with NO was obtained
only for R220H, R220Q, and R220A. The NO rebinding
roperties of the mutants and wild type are summarized in
able 1. All kinetics are multiphasic, as generally observed
in heme proteins23), and are qualitatively similar. In wild-
type FixLH, the decay kinetics can be fit with three
RESULTS exponential phases on the picosecond time scale (Figure 2)

with similar spectral features. Five percent of NO does not

CO Dissociation and Rebindinghe steady-state spectra rebind on this time scale, and no further decay was observed
of the FixLH—CO complexes of the different mutant proteins up to 4 ns (not shown); therefore, it may escape to the
are all similar to those of WT1). As in WT FixLH, with medium (2).
the R220A, R220E, R220Q, and R220I substitutions, the  The overall rebinding kinetics are somewhat slower for
transient spectra were unchanged on the time scale of 4 psall mutant proteins. The amplitude of the asymptotic phase
to 4 ns and rebinding of CO to the heme was not observedis similar to that of WT for the R220H and R220Q mutant
on this time scale. In WT, the transient spectrum is somewhatproteins. A significant influence of the mutation on the
altered compared to the steady-state difference spect®m ( release of NO was observed in the R220A mutant, where
In the four above-mentioned mutants, this spectral perturba-roughly 33% of NO may escape from the heme pocket
tion was considerably smaller. (Figure 2).

In the R220H mutant protein, the CO dynamics are  The transient spectra were different from the steady-state
strikingly different. Here substantial hem€O rebinding difference spectra, in that the induced absorption lobes were
does occur in the first few nanoseconds (Figure 1). The relatively weak, but for all mutants, this perturbation was
rebinding kinetics are described by at least two rebinding far less pronounced than for WT. As for the qualitatively
phases. A best fit was obtained with time constants of 280 similar observation for CO (see above), this implies that in
+ 50 ps (25% of the recovery of the bleaching) and 2.4  the mutants the ligand-dissociated heme adopts a configu-
0.8 ns (35%), and a constant (40%) (the quality of a fit with ration which is closer to the steady-state unliganded heme
two exponentials and no constant was slightly, but signifi- than in WT.

of the lateral chain atoms at position 220 and construction
of the new atoms with the “IC BUILD” CHARMM com-
mand. For WT, R220 was constrained during the equilibra-
tion phase to prevent it from “swinging out” of the heme
pocket. During the free dynamics of the oxygen-bound form,
where the constraint was released, this residue remained i
the heme pocket.

Ligand dissociation was simulated by deletion of the bond
between heme iron and the dioxygen ligand from the bond
list and simultaneous switching of heme parameters from
six-coordinate to five-coordinate. The small quadrupolar
charge distribution of dioxygen was simulated using a three-
charge model22). Different starting conditions of the model
before ligand dissociation were obtained by prolonging the
free dynamic phase of the oxygen-bound form by subsequent_‘lj_
periods of 50 ps. Atom coordinates of the simulated
structures were saved each picosecond for further analysis
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FiGURE 2: NO recombination kinetics in wild-type FixLH and the ~ SPeCtrum ).

R220A mutant in the bleaching part of the spectrum (420 nm).
Data are normalized. Table 2: Reduction and Oxygen Recombination Properties in
Different Mutants of FixLH
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state, and only 20% bound oxygen. Comparison of these
values with those reported for the full-length R220A protein
(15) indicates a slightly higher autoxidation rate and oxygen

o
o

1T 0, binding (at 1 atm of @) g;’;ggﬁ
o 0.9 reduction deoxy oxy ferric rebinding constant
o (%) (%) (%) (%)  phase (ps) phase (%)
o8 wild type 100 2 98 - 51 10
o7l R220Q 100 20 80 - 83 65
o R220H 100 - 100 - 7.1(50%), 20
5 o6l 600 (30%)
£ R220A 100 10 20 70 52 95
Q05 R220! 100 40 50 10 5.2 90
2 R220E 40 20 20 60 4.9 80
T
N
T
£
o
o

0.1 . o . . .
wild type affinity for O, of the isolated heme domain.
0 0 o 20 30 10 50 The steady-state oxygen binding properties complicate the
time, ps assessment of the light-induced spectral dynamics associated

Ficure 3: Kinetics at 442 nm of oxygenated FixLH: wild type specifically with the oxy co'mplexes, as the eX,Cited',State
(@), R220A (), and R220H k). Lines represent the global ~decay of the deoxy and ferric complexes also gives rise to
exponential fits of the data. transient signals in the first few picosecondB2,( 24).

However, the ferric and deoxy complexes can be easily
O, Dissociation and Rebindingn the wild-type FixL prepared in pure form, and the transient spectral features
heme domain, excitation of the oxy complex leads to a state (which are relatively weak for the case of ferric hemes) can
characterized by a spectrum that is strongly perturbed in thebe measured under the same experimental conditions. As in
induced absorbance part compared to the steady-state oxygethe wild type (L2), the ground state of both ferric and deoxy
binding. This state decays extremely fast, in a single- mutant species was recovered with a decay component of
exponential process with a time constantd ps (Figures  ~5 ps (not shown). The spectral evolution associated with
3 and 4A), which we previously assigned to highly efficient these decay components can be taken into account in the

geminate recombination of oxygen and hem&)( Only analysis of the oxygenated samples as described below.
~10% of photolyzed oxygen leaves the heme pocket and For the R220H mutant, where 100% oxy complex is
can escape to the bulk. formed, our analysis shows two decay processes with distinct

In most mutant proteins, the oxygen binding properties spectra on the time scale of a few picoseconds. The spectrum
were altered compared to those of the wild-type form, in of the fastest phase-6 ps) is significantly red-shifted with
which ~98% of the FixLH population is oxygen-bound respect to the steady-state oxygen dissociation spectrum
(Table 2) upon exposure to 1 atm of,.OUnder these  (Figure 6) and can be ascribed to the decay of an excited
conditions, the R220H mutant fully binds oxygen and the state, as in other heme proteir25). A second decay phase
R220Q mutant~80% (16). Upon addition of @ to the (~7 ps) has a spectrum very similar to the steady-state
R220A, R220E, and R2201 mutants, a mixture of ferric, oxy, difference spectrum and can be assigned to geminate oxygen
and deoxy states was obtained (Table 2). The steady-stateecombination. The amplitude of this phase amounts to
oxygen binding properties differed most in the R220A roughly half of the dissociated oxygen (due to the closeness
mutant, where after addition of 1 atm of oxygen 70% of the of the two time constants, this value should be considered a
sample was found to be oxidized, 10% remained in the deoxyrough estimate). Finally, 50% of the remaining dissociated
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FiIGURE 7: Molecular dynamics simulations. Comparison of dynam-

FiGURE 5: Analysis of spectral components associated with oxygen ics upon oxygen dissociation in two typical 50 ps trajectories of
recombination in the R220E mutant of FixLH. In the top panel are WT (red) and R220A (green) FixLH. The position of dissociated
spectra associated with the 5 ps component of the oxygenatedoxygen (sticks) at 1 ps intervals is overlaid with one structure of

complex (A,—), the ferric complex (B;-+), and the deoxy complex

the heme and selected residues (R220 and A220 as balls and sticks).

(C, ---), obtained under the same concentration and excitation This figure was prepared by using RASMOR&2.

conditions. In the bottom panel (A 0.6 x B — 0.2 x C) are the

reconstructed spectrum associated with the 5 ps component of thespectrum was found that was roughly similar to the steady-

oxy complex (- - -) and the constant component divided by} (

0.04
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0.02

0.01

-0.01

absorbance change

-0.02

-0.03 ~0.004
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Ficure 6: Decay components associated with excitation of wild-
type FixLH and R220H oxy complexes. In the left panel is a
comparison of the steady-state oxygen binding spectrajmad

the 4.7 ps decay component (- - -) in WT. In the right panel is the
same comparison in R220H: steady-state spectrut)) b ps
component {-), and 8 ps component (- - -).

O, recombines ir~600 ps (not shown) and the remainder
in >4 ns. Q rebinding on the time scale of 10 ps to 4 ns is
not observed in any of the other mutants or in WT.

For the R220Q substitution, sub-10 ps decay components

with time constants similar to those for R220H were found

(not shown) with the 5 ps component showing a somewhat

different shape due to the contribution of a fraction of the
excited deoxy complex. For this mutant protein, the fraction
of geminate rebinding (in-8 ps) was~35%.

For the R220A, R220E, and R220I substitutions, a single

picosecond decay component with a time constant®ps

and a constant phase were sufficient to describe the dat

(Table 2). In principle, the 5 ps component contains
contributions from photophysics of the deoxy and ferric
forms, as well as from hemexygen recombination and/or

photophysics of the oxy complex. After subtraction of the

a

state oxygen dissociation spectrum of WT and the R220H
and R220Q mutantsFigure 5 illustrates this for the case of
the R220E substitution. For all three mutant proteins, the
amplitude of this phase was less than 20% of that of the
remaining constant phase (Table 2 and Figure 5), which was
also similar to the steady-state difference spectrum.

The ensemble of these analyses shows that for all mutant
proteins geminate rebinding of oxygen and heme occurs on
a time scale of 510 ps but that the spectrum associated
with this phase is much more similar to the steady-state
deoxy-minus-oxy spectrum than in WT. The relative am-
plitude of the constant phase (time constant>¢f ns) is
variable, but in all mutants, it is much higher than in WT.

Molecular Dynamics Simulation$o gain insight into the
molecular factors determining the fate of oxygen in the heme
pocket, we performed molecular dynamics simulations of
wild-type and mutant FixLH. In these studies, after equilibra-
tion of the oxygen-bound complex, the F&, bond is
suddenly discarded and trajectories of the system are
continued for a time window of 50 ps. This procedure is
repeated for several independent initial conditions at the
bond-breaking instant. In these classical simulations, after
dissociation, possible bond reformation is not taken into
account. In WT FixLH, after deletion of the heme iron
oxygen bond, in most simulations the oxygen molecule does
not move away but fluctuates in the vicinity of its initial
position close to the heme iron (red structure in Figure 7).
In all trajectories of the mutants, oxygen exhibits a higher
mobility and moves farther from the heme in the 50 ps time
span. In the R220l mutant, oxygen always follows a
trajectory out of the heme pocket via isoleucine 215, valine
222, and isoleucine 220. In the R220A mutant (Figure 7),
within a few picoseconds, the ligand diffuses via either a

2A steady-state deoxy-minus-oxy spectrum cannot be directly
obtained for the R220A, R220E, and R220l mutants due to the
substantial amount of ferric heme-containing protein contributing to

deoxy and ferric contributions, for all three mutants a weak the oxygenated samples.
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arginine 220. In two cases, the R220 side chain follows the
oxygen molecule and the interaction energy between oxygen
and the arginine side chain is consistent with the hydrogen
bond remaining intact during and after this long-distance
motion (right panel of Figure 7). In these cases, R220 moves
toward its configuration in the deoxy state of FixLH (Figure
8B). However, in all cases, on the 50 ps time scale, heme
propionate 7 remains in close interaction with R206 and does
not adopt a conformation in which a salt bridge with R220
can be established, as observed in the deoxy structure (Figure
8C). In three of the five trajectories, R220 remained in the
heme pocket while @ moved out. The inverse was not
observed, suggesting that the R220 sweep in the direction
of the propionates requires,@ be absent from the heme
pocket.

DISCUSSION

This work concerns the influence of the distal arginine
220 on the interaction between diatomic ligands and the heme
in the FixL heme sensor domain. Our findings demonstrate
that the presence of an arginine residue at position 220 is
largely responsible for (a) the perturbations of the ligand-
dissociated five-coordinate (5-c) heme compared to the
steady-state deoxy heme (5-c without ligand in the heme
pocket) and (b) the strong reactivity of the heme toward the
dissociated physiological sensor ligang Ohese results are
50 DS corroborated by molecular dynamics simulations that indicate

P a continued interaction between heme-released oxygen and
heme via the hydrogen bond with R220 in WT.

Spectral Perturbations of 5-c Hem&n WT FixL, dis-
sociation of the heme-bound ligand can be seen as the first
step in the transmission of the signal toward the enzymatic
domain. The subsequent steps involve additional modification
of the heme electronic configuration, as the absorption
spectrum of the ligand-dissociated heme is modified with
respect to the steady-state 5-c heme (the final configuration
in the signaling process), especially fos & the ligand12).
Several studies have indicated that R220 is one of the key
residues involved in the transmission procés$( 15, 16).
deox In this work, we show for substitutions of arginine at position

y 220, that the spectral perturbations are strongly diminished
compared to the WT FixLH spectrum and that the heme
adopts a “deoxy-like” configuration within a few picoseconds

FiURE 8: Molecular dynamics of WT FixLH during one of the ~ Of ligand dissociation. This implies that R220 is strongly

few simulation trajectories in which oxygen leaves the heme pocket involved in the postdissociation transmission steps involving
(see the text). (A) Superposition of structures at 1 ps intervals the heme.

between—50 and 50 ps with respect to £©, dissociation. Blue .
to red color coding refers to increasing time. (B) Structures of heme, In the WT FixLH-O, complex, R220 forms a hydrogen

0,, and R220 1 ps (green) and 50 ps (red) after dissociation. (C) Pond with the terminal oxygen atom of heme-bound(€).
Crystal structures of the oxy complex (blue) and the deoxy complex As isoleucine and alanine are incapable of hydrogen bonding,
(red), taken from Protein Data Bank entries 1DBpgnd 1LSW the decrease in the extent of heme perturbation seen in the
L?), respectively. In panels B and C, dashed lines represent se"a(:teqjissociated @complexes of the R2201 and R220A mutants
ydrogen bonds and salt bridges inferred from the structures and _: - . L
from the simulations. This figure was prepared using RASMOL might be.ascrlbed to this fac_t. However, similar effects on
(32). the transient spectra of the dissociated oxy complexes were
observed with other substituted residues that are capable of
pathway leading to a cleft inside the protein delimited by H-bonding (glutamine and histidine). Indeed, Raman data
isoleucine 215, leucine 236, and isoleucine 238 (distance toindicate H-bonding of the terminal oxygen atom in the
the heme iron of~7.5 A) or a pathway similar to that of the R220H FixLH-O, complex (6). Furthermore, hydrogen
R220! mutant. bonding of heme-bound ligands with a distal histidine residue
For WT FixLH, in five of the 13 dissociation simulations, occurs in other nonsensor, heme proteins such as myoglobin,
oxygen does move out of the heme pocket. Strikingly, this without sizable spectral effects on the picosecond transient
motion can be associated with a conformational change of spectra. Together, we can ascribe the strongly perturbed

OXy
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transient spectra in WT FixLH largely to the specific after dissociation corresponds to the closed configuration,
influence of arginine 220. Our previous steady-state reso- where environmental constraints keep dissociated CO in a
nance Raman characterization of the Fixt8, complex favorable position for rebinding. Similar constraints may also
indicates a strong H-bond between R220 and the terminalexplain the unusual 600 ps phase of recombinationabO
oxygen atom as well as an unusual influence on the heme,R220H, in view of the hydrogen bond between histidine 220
possibly resulting in a slight doming of the heme iron toward and the terminal oxygen atom in the R220H oxy complex
the G ligand (16). This feature and the proximity of Lafter (16).

dissociation, as suggested from our MD simulations, may Using vibrational spectroscopy, as for the R220E00
hinder relaxation of the heme toward a deoxy state where complex, two configurations were observed for the R220Q

the doming is toward the proximal histidin®)( Time- CO complex, although with a lower population of the closed
resolved resonance Raman studies are presently undertakeconfiguration {6). Our finding that in the R220Q mutant
to further characterize this important transient state. no rebinding is observed on the picosecond time scale

For WT FixLH in the presence of NO and CO as ligands, suggests that in this case the constraints on the dissociated
the transient spectra were perturbed to a lesser extent tharCO either are released rapidly after dissociation or force CO
those of the FixLH-O, complex (2), presumably due to  to move away from a favorable rebinding position.
the lack of direct interaction between R220 and these two The interaction of the heme with,@ most relevant for
ligands ©). In full-length FixL, binding of NO and CO to  the physiological functioning of the sensor. In WT and all
the heme also diminishes kinase activity, but far less than mutants, a decay phase 86—8 ps and a constant phase
O (4). The finding that replacement of R220 also diminishes were observed after excitation; with the exception of R220H
the perturbation of the spectrum of the NO- and CO- (see above), no £rebinding occurs on the time scale of 8
dissociated state (with the exception of the R22@D ps to 4 ns. Thus, in-5 ps, Q either rebinds or moves to a
complex; see below) strongly suggests that this residue isposition much less favorable for rebinding. As similarly a
also involved in the transmission of the NO and CO signals. rebinding phase of-5 ps is observed for oxyhemoglobin

Kinetics of RebindingThe kinetics of picosecond rebind-  (25) and oxymyoglobin12, 29—31), this time constant may
ing of NO to heme proteins are generally nonexponential correspond to barrierless hem®, binding.

(23) and very sensitive to small changes in the heme The relative amplitude of the constart 10 ps) phase,
environment, as has been deduced from studies on myoglobironly ~0.1 in WT, is strongly increased in the mutants and
mutants 26, 27). The observed variation in the kinetics of practically unity in the R220A mutant. Thus, the very low
NO geminate rebinding in the FixLH mutants and WT is in yield of dissociated oxygen at times &f10 ps is strongly
agreement with this notion. All three studied mutant proteins correlated with the presence of arginine at position 220. Our
(R220H, -Q, and -A) exhibit slower overall rebinding kinetics MD simulations indicate indeed that in the mutantsdan
than WT. In particular, R220A shows relatively slow move away rapidly from its position occupied immediately
rebinding kinetics on the time scale of tens and hundreds of after the Fe-O, bond is broken. This is particularly clear
picoseconds. In view of the marked difference in the size of for the R220A mutant, which has the lowest rebinding yield,
alanine and arginine, and considering the fact that R220 doesbut also for the R2201 mutant, where steric differences are
not appear to interact directly with heme-bound NO in the much smaller.

X-ray structure §), this indicates that the efficient rebinding Our results indicate that the rapid re-formation of the
kinetics in the WT heme domain are due to volume reduction heme-O, complex as well as the perturbed heme spectrum
of the distal heme pocket by R220. The same order of of the precursor of this state are largely due to the presence
efficiency of NO rebinding in the three mutants (histidine of R220 in WT FixLH. These findings are corroborated by
> glutamine > alanine) is observed for CO and,@nd the MD simulations of the WT complex that indicate that
correlates as well with a decrease in residue size, suggesting, is mostly kept very close to the heme due to the hydrogen
that the volume of the heme pocket plays an important role bond between R220 and one of the oxygen atoms.

in the kinetics of rebinding of these ligands. In a few of the simulations in which &loes move out of

In WT and the R220Q, -A, -E, and -l mutants, rebinding the heme pocket, R220 remains hydrogen bonded wjth O
of CO to the heme does not occur on the time scale up to 4and also sweeps away from the heme (Figure 8). This
ns, as is the case in most studied heme proteins. The R220Hsuggests a correlated movement of R220 andd@ogether,
mutant provides a remarkable exception. In this case, at leasfprior to ligand dissociation, the H-bond with,Gtabilizes
~60% of dissociated CO decays in a multiexponential way R220 in its conformation toward the heme pocket. After
(Figure 1), and the spectra associated with these decay phasefissociation, R220 can act both as an oxygen trap, allowing
differ from those associated with the long-lived state and fast oxygen recombination, and as a signal “transducer” in
the steady-state difference spectrum. Resonance Ramamrase oxygen escapes from the heme pocket. Although the
experiments have shown the presence of two fractions of R220 sweep was not observed in all our simulations (limited
the R220H-CO complex, one in an “open” configuration to 50 ps) where oxygen escapes from the pocket, this charged
[like CO-bound myoglobin at acidic pF28)] where CO does  residue is not likely to be maintained long in the hydrophobic
not interact and one in a “closed” configuration where CO heme environment in the absence of the stabilizing interaction
does significantly interact with the protein surroundings, with O,. Indeed, the strain on the heme appears mostly
possibly via a CG-histidine hydrogen bond1§). The released after the'5 ps decay phase-Q0% of dissociated
observed pH dependence of the geminate rebinding yield O,), as the spectrum of the weak long-lived spectrum is rather
(Figure 1) and its correlation with the pH dependence of the similar to the steady-state difference spectrum (Figure 4).
CO stretching frequency (see the Supporting Information) Altogether, these findings strongly suggest that, after of the
imply that the fraction of R220H that rapidly rebinds CO heme-O, bond is broken, rebinding with the heme b
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ps competes with oxygen release from the heme pocket on
the ~50 ps time scale, the second step in the signaling
process, and that the latter process is followed by a marked ,
conformational change of R220, at least in part also on the
picosecond time scale. As pointed out in Results, the next
step toward the steady-state deoxy structure, a change in the
interaction partner of heme propionate 7, is likely to take ;.
place on a longer time scale.

CONCLUDING REMARKS 12

We have shown that iBjFixL R220 plays an important,
though not exclusive, role in exerting strain on the heme
after dissociation of the ligand and in caging the oxygen
ligand. Previously, we have discussed that the heme pocket
of FixL acts as a bistable switch, allowing, after thermal (or
light-induced) breaking of the hem®, bond, the system 14
either to go back to the oxygen-bound form without further
rearrangements or (irn10% of the cases) to continue to
induce structural changes eventually leading to an “anoxy”
signal (12). Our experimental and computational results 15
presented here indicate that R220 acts as the pivoting element
of this picosecond switch.
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