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ABSTRACT: Using transient absorption spectroscopy and photoacoustic calorimetry (PAC), we have
characterized carbon monoxide photodissociation and rebinding to two forms of the heme domain of
Bradyrhizobium japonicumFixL. Transient absorption results for the complete heme domain (FixL residues
140-270) and a truncated heme domain (missing 11 residues on the N-teminal end and 14 amino acid
residues on the C-terminal end of the full length heme domain) show similar rates for ligand rebinding
to the five-coordinate heme domain and the absence of any transient intermediate on a microsecond time
scale. Results from PAC studies show that both the truncated and complete heme domains undergo a
contraction upon ligand photolysis. In addition, CO photolysis from the complete heme domain gives rise
to an intermediate with a lifetime of∼150 ns which is absent in the truncated heme domain. We attribute
the 150 ns phase to ligand release to the solvent which may be accelerated in the case of the truncated
domain. The initial contraction is attributed to changes in the charge distribution due to reorganization of
the surface salt bridge formed between Glu182 and Arg227 or possibly to reorientation of Arg206. Changes
in the charge distribution may play an important role in communication between the sensor domain and
the regulatory domain and thus may be part of the signal transduction pathway.

Bacteria employ two-component sensing and signaling
systems to constantly monitor changes in their surroundings
and respond adequately to stimuli by alteration in develop-
ment, virulence, location, or metabolism (1). In their simplest
form, such signaling systems often consist of a sensor kinase
with environmentally regulated catalytic phosphorylation
activity and a response regulator with transcription stimula-
tion activity. The activity of the response regulator is
controlled by its phosphorylation status, and its activaton
occurs when the sensor kinase catalyzes transfer of a
phosphoryl group from ATP. The nitrogen-fixing bacteria,
includingBradyrhizobium japonicum(Bj) andSinorhizobium
meliloti (Sm), formerly known asRhizobium meliloti(Rm),
contain a two-component oxygen sensing system composed
of FixL and FixJ proteins that directly modulate expression
of the fixK2 gene whose product is a transcriptional activator
for a large group of genes involved with nitrogen fixation,
denitrification, and anaerobic and microaerobic metabolism
(2-5). Two different functional domains were identified in
FixL, an N-terminal PAS heme domain and a histidine kinase
domain at the C-terminal end (6-8). In its active state, the
histidine kinase domain catalyzes phosphorylation of FixJ,
its associated transcriptional regulator. In the absence of FixJ,
autophosphorylation of FixL can occur. With a decreasing

oxygen tension in the cell due to root growth and nodulation,
oxygen dissociates from the heme domain, which activates
phosphorylation by the C-terminal kinase domain, leading
to transcription of the genes required for N2 fixation (7, 8).

The FixL heme domain (FixLH) contains a PAS-type fold
that has been identified in more than 1000 signaling proteins
(9-11). Crystal structures of FixLH fromB. japonicum
(BjFixLH)1 andS. meliloti (SmFixLH) have been resolved
and exhibit very similar structural features (12-14, 17). In
each, the sensor heme is held between five antiparallelâ
strands on the distal side and anR helix on the proximal
side. His200 (B. japonicumnomenclature) within theR helix
provides the proximal ligand for heme coordination. FixL-
FixLH heme coordination and ligation were studied by UV-
vis and resonance Raman spectroscopies (15, 16), establish-
ing the presence of high-spin, five-coordinate heme in the
absence of exogenous ligands and low-spin, six-coordinate
heme when appropriate ligands are present. On the basis of
a comparison of the deoxy and oxy structures ofBjFixLH,
one early mechanism for signal transduction was proposed
(13) in which loss of heme-bound O2 is accompanied by a
heme Fe2+ spin-state change, concomitant geometry change,
and alteration of heme planarity. The heme planarity changes
alter peripheral hydrogen bonding between the heme pro-
pionates and F/G loop amino acids (residues Thr209-
Arg220). A major feature of this mechanism is the significant
movement of a distal amino acid, Arg220, which forms a
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salt bridge with propionate 7 in the unliganded structure,
but rotates into the heme pocket to form a hydrogen bond
with the heme-bound oxygen in oxy-BjFixLH (14).

However, a more recent mechanistic proposal involves
ligation-dependent structural rearrangements of selected distal
amino acids. For example, Perutz and co-workers proposed
that a “hydrophobic triad” composed of Ile209, Leu230, and
Val232 (S. melilotinomenclature) in the heme binding pocket
may be involved in the sensing mechanism (16). Separately,
on the basis of structural and spectroscopic characterization
of SmFixLH, Miyatake et al. (17) have proposed that steric
repulsion between the bound oxygen molecule and Ile209
results in conformational changes in the F/G loop and that
these changes may be subsequently transmitted to the kinase
domain.

Although spectroscopic and crystallographic data have
provided invaluable insights into the structure and dynamics
of ligand binding to FixLH, a detailed and quantitative
thermodynamic/conformational description of signal initia-
tion/propagation within the PAS heme domain has not yet
been elucidated (13-19). This is due, in part, to the fact
that no published work has accessed the temporal evolution
of the thermodynamics associated with the signal, or detected
intermediates in the intradomain signaling process. This
situation results from limitations on methodologies so far
applied to these proteins. For example, optical spectroscopies
directly probe the electronic structure of a specific chro-
mophore (in this case the heme sensor), whereas changes in
global protein structure that do not directly affect the
chromophore may not be detected. Likewise, the crystal
structure is limited to probing static conformations associated
with a particular ligation state. Crystallography has yet to
probe transient conformational changes required for transi-
tions between states or to structurally define intermediates
associated with the intradomain signal.

In this work, we overcome such limitations by employing
transient optical and photothermal methods in solution. We
report results from photoacoustic calorimetry (PAC) mea-
surements after heme ligand photolysis that simulates the
“signal trigger” in FixLs. By using these complementary
methods, it is possible to directly probe global structural and
thermodynamic changes taking place on an approximately
nanosecond to microsecond time scale during the temporally
evolving signal within theBjFixL sensing domain. PAC has
successfully been applied in previous studies of ligand
photodissociation from iron porphyrin model systems, as well
as to a variety of heme proteins (20, 21). Notably, this marks
the first PAC results on a heme sensing/signaling domain.
In all of the previous naked heme/heme protein studies, it
has been optical spectroscopies that have provided informa-
tion concerning changes associated solely with the heme
chromophore, whereas PAC reveals the magnitudes and time
scales (i.e., kinetics) of global volume and enthalpy changes
after a photoinitiated reaction. Thus, events that could not
be detected by optical or vibrational techniques were detected
and characterized using PAC.

Photoacoustic calorimetry has also been previously em-
ployed in probing volume and enthalpy changes in two
sensing proteins having PAS-type folds. Terazima and co-
workers (22) have studied conformational changes after
photoexcitation of the hydroxycinnamic acid active site
associated with photoactive yellow protein (PYP). It was

determined that photoexcitation of the ground state produced
a red-shifted intermediate within 2 ns, demonstrating a
corresponding volume contraction of∼7 mL/mol. The
enthalpy associated with this transition was found to be 160
kJ/mol. Interestingly, this volume contraction was found to
be temperature-dependent. More recently, a PAC study on
the LOV1 domain from the “Phot” protein, which is a blue
light receptor inChlamydomonas reinhardtii, was reported
(23). It was found that a volume contraction also occurred
during formation of the initial photointermediate (approxi-
mately-1.5 mL/mol) with an additional volume contraction
of ∼9 mL/mol for subsequent decay to the covalent FMN-
Cys57 species. The volume and enthalpy changes determined
by PAC for these two PAS domain proteins have provided
novel insights into the conformational dynamics of signaling
that have not been observed using optical methods.

In this report, we present results of PAC and transient
absorption studies of conformational changes associated with
photodissociation of carbon monoxide from two forms of
BjFixLH. The first form is our construct of the complete
PAS heme domain,BjFixLH140-270, which begins with
Thr140 and ends with Gln270. To begin determining the
experimental importance of the size or extensiveness of the
specific heme domain employed, we have also examined a
second, truncated, form (BjFixLH151-256). BjFixLH151-256 is
truncated at both ends of the polypeptide chain compared to
BjFixLH140-270, with 11 amino acid residues deleted from
the N-terminus and 14 amino acid residues deleted from the
C-terminus.

MATERIALS AND METHODS

Fe3+ tetrakis(4-sulfonatophenyl)porphine [Fe(III)4SP] was
purchased from Porphyrin Products Inc. and sodium dithion-
ite from Fisher. CO gas was obtained from Matheson.

Protein Preparation.Detals ofBjFixLH production, isola-
tion, and purification along with purity assessments are given
elsewhere (24). Briefly, the gene encoding the full-length
BjFixL protein was a gift from H. Hennecke (ETH, Zurich,
Switzerland). It was cloned into pET24a+ and expressed in
Escherichia colistrain BL21(DE3). Expressed proteins were
purified by ion-exchange and gel filtration chromatography
and were assessed for purity using UV-visible spectroscopy
(GBC Scientific, Cintra 40), SDS-PAGE, and MALDI-TOF
mass spectrometry (Voyager DE). Yields of protein at least
95% pure were approximately 30 mg/L.

Samples for Optical and Photothermal Measurements.
Samples for the transient absorption/PAC measurements were
prepared by diluting the protein into 50 mM Tris buffer (pH
7.5) containing 50 mM NaCl to a final concentration of∼10
µM. To obtain the deoxy form ofBjFixL, samples were
sealed in a 1 cmquartz cuvette with a septum cap, purged
with Ar, and reduced by adding several microliters of a
buffered solution of sodium dithionite. The corresponding
CO adducts were prepared by saturating deoxy samples with
CO gas. Because of the lower stability of theBjFixLH140-270

protein toward degradation, measurements were performed
with freshly prepared samples. Formation of deoxy and CO-
bound forms of both proteins was monitored by UV-vis
spectroscopy. Steady-state UV-vis spectra were recorded
using a double-beam spectrophotometer (Shimadzu, UV-
2401-PC).
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Transient Absorption Measurements.The instrumentation
used to perform the transient absorption measurements
consists of a probe beam (150 W Xe arc lamp, Thermo-
Oriel) passing through a 1/8M single monochromator (MC1-
02, Optometrics USA) and centered on the sample housed
in a temperature-controlled cuvette holder (Flash 200,
Quantum Northwest). The light emerging from the sample
is then focused on the slit of a second monochromator (1/4
M H-10, Jobin Yvon) and detected by a PMT (H6780,
Hamamatsu) coupled with an amplifier (70710, Thermo-
Oriel). The signal is then digitized using a 4 GHz transient
digitizer (TDS 7404, Tektronix). The photochemistry was
initiated by a 532 nm pulse from a Nd:YAG laser (Minilite
I, Continuum) with a 7 nspulse width and a 1 Hzrepetition
rate.

Photoacoustic Calorimetry.The instrumentation for pho-
toacoustic calorimetry has been described in detail elsewhere
(20, 25). The sample contained in a 1 cm× 1 cm quartz
cuvette was situated in a temperature-controlled cuvette
holder (Flash 200PAS, Quantum Northwest), and a photoa-
coustic detector (1 MHz transducer, Panametrics V103) was
pressed against the side of the cuvette. The connection
between the cuvette and detector was facilitated by a thin
layer of vacuum grease. The photoacoustic signal was
amplified by a ultrasonic preamplifier (Panametrics 5662)
and recorded using an NI 5102 oscilloscope (15 MHz)
controlled by Virtual Bench-Scope software (National Instru-
ments). Typically, 30-50 laser pulses were averaged per
trace in the temperature range from 16 to 35°C. Excitation
was provided by a frequency-doubled Nd:YAG laser (532
nm, 7 ns pulse,<100µJ/pulse, 1 Hz repetition rate) (Minilite
I, Continuum). Fe(III)4SP was used as a calorimetric
reference compound for the photothermal measurements. The
absorbance of the reference matched the absorbance of the
sample at the excitation wavelength (A532 ∼ 0.3).

The theory and application of PAC have been reviewed
in detail elsewhere (20, 25). Briefly, at least two processes
contribute to the photoacoustic wave generated after pho-
toexcitation: the heat released during the reaction and
corresponding structural changes (including bond cleavage
and/or formation, electrostriction, etc.). Thus, the acoustic
signal can be described as

where K is an instrument response parameter,Ea is the
number of Einsteins absorbed by the sample, and∆Vth and
∆Vcon represent the thermal and conformational contribution
to the solution volume change, respectively. The thermal
volume change can be expressed as

whereQ is the amount of heat released to the solvent,â is
the coefficient of thermal expansion of the solvent (K-1),
Cp is the heat capacity (cal g-1 K-1), andF is the density (g
mL-1). The instrument response parameter can be eliminated
by employing a reference compound that promptly converts
the energy of the absorbed photon,Ehν, into heat with a
quantum yield of unity and which undergoes no conforma-
tional changes. The amplitude of the acoustic signal for the

reference compound is then described as

The ratio of the sample signal to the reference signal (φ)
gives the following expression

Thus, a plot ofφiEhν versus the temperature-dependentCpF/â
term gives a straight line with a slope equal to∆Vcon and an
intercept equal to the released heat (Q).

The acoustic transducer is sensitive to the amplitude of
an acoustic wave as well as to its temporal profile. For
example, if a photoinitiated process involves a two-step
sequential decay process on the time scale of the transducer
resolution (∼50 ns to∼10 µs), the individual contributions
of ∆Vcon and Q for each kinetic process can be resolved.
The observed time-dependent acoustic signalE(t)obs is
produced by the convolution of an instrument response
function T(t) (the reference acoustic wave) with a time-
dependent function describing the decay processes,H(t):

where

T(t) can be independently determined from the reference
compound. We have used Simplex parameter estimation
software developed in our laboratory to obtain the parameters
φi andti. Deconvolution of the signal involves estimation of
the parametersφi and ti for H(t) and a convolution of the
estimatedH(t) function with theT(t) function. The parameters
are varied until the estimatedE(t) fits E(t)obs(which is evident
from the reducedø2 value). Processes occurring faster than
roughly 50 ns cannot be resolved, but the integrated enthalpy
and volume changes can be quantified from the amplitude
of the acoustic wave.

RESULTS

Figure 1 displays the steady-state absorption spectra for
the complete heme domain ofBjFixLH140-270. The Soret peak
of the met (Fe3+) form is centered at 395 nm and upon heme
reduction undergoes a bathochromic shift to 434 nm. The
deoxy form exhibits a broad Q-band centered at 565 nm that
is characteristic of a five-coordinate high-spin ferrous heme.
Upon addition of CO, the absorption spectrum exhibits a
Soret band at 425 nm andR and â bands at 543 and 575
nm, respectively. UV-vis spectra obtained forBjFixLH151-256

were essentially identical to those obtained forBjFixLH140-270

(data not shown). The observed spectral features correspond
to those reported previously for theBjFixLH and FixL heme
domains fromS. meliloti(18, 19, 24).

Rodgers et al. (26) have reported that forS. melilotiFixLH,
photolysis of the heme-CO bond occurs with an overall
quantum yield of 0.86 (i.e., quantum yield for CO diffusing
from the heme binding pocket). Photoexcitation of the
heme-CO bond leads to the formation of a geminate pair
with the Fe-CO bond broken and CO remaining in the distal
heme pocket. Subsequently, the ligand either rebinds on a

Ssam) KEa(∆Vth + ∆Vcon) (1)

∆Vth ) Q(â/CpF) (2)

Sref ) KEaEhν(â/CpF) (3)

φiEhν ) (S/R)Ehν ) Q + ∆Vcon/(â/CpF) (4)

E(t)obs) H(t) × T(t) (5)

H(t) ) φ1 exp(-τ/t1) +
[φ2k2/(k2 - k1)][exp(-τ/t1) - exp(τ/t2)] (6)
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picosecond to nanosecond time scale or exits the protein.
Figure 2 shows an overlay of the transient absorption spectra
detected after CO photolysis fromBjFixLH140-270 (trace A)
andBjFixLH151-256 (trace B) together with the corresponding

steady-state difference spectra. The amplitudes of the tran-
sient spectra (points) were normalized to match the ampli-
tudes of the steady-state spectra (line) at 440 nm to better
illustrate similarities in the line shapes of the transient and
steady-state difference spectra. For bothBjFixLH140-270 and
BjFixLH151-256, the amplitudes of the transient absorption
spectra, upon CO photolysis, are roughly 50% of those of
the steady-state difference spectra, suggesting a lower
quantum yield than that obtained forS. melilotiFixLH. In
addition, the transient spectra have the same line shape as
the steady-state difference spectra (deoxyBjFixLH minus
CO-bound BjFixLH), suggesting that the transient five-
coordinate species formed after photolysis has an equilibrium
heme pocket conformation.

Single-wavelength kinetic traces for rebinding of CO to
both heme domains measured at 440 nm are shown in Figure
3. All rate measurements were carried out under pseudo-
first-order conditions with CO in a large excess. Traces were
fit to a single-exponential decay. The CO rebinding rate
constants were found to be 10.2( 0.3 s-1 for BjFixLH140-270

and 17.3( 0.1 s-1 for BjFixLH151-256 at 18 °C. From the
temperature dependence of the CO rebinding rate constants,
activation energies were determined to be 14.7( 1.2 and
16.4( 1.9 kcal/mol forBjFixLH140-270 andBjFixLH151-256,
respectively. The Arrhenius plots are shown in Figure 4. It
is worth noting that the activation parameters are significantly
smaller than those reported by Rodgers et al. for rebinding
of CO to the full-length protein ofS. meliloti(Ea ) 54 kcal/
mol) (26).

Volume and enthalpy changes associated with CO pho-
todissociation were determined from PAC measurements. An
overlay of the acoustic trace for photolysis of CO from
BjFixLH140-270 with the corresponding reference trace at 35
°C (Figure 5) shows a phase shift of the sample acoustic
wave relative to the reference wave. Such shifts indicate the
presence of kinetic processes occurring between<50 ns and
∼10 µs. The lifetimes (τi) and amplitudes (φi) for the
individual processes were obtained by deconvolution of the
sample acoustic signals as described in Materials and
Methods. Satisfactory fits of the sample signals for
BjFixLH140-270 were achieved using a double-exponential

FIGURE 1: Equilibrium UV-vis spectra ofBjFixLH140-270 in the
met (dashed line), deoxy (thin line), and CO-bound forms (thick
line). The sample concentration was 10µM in 50 mM Tris buffer
(pH 7.5) containing 50 mM NaCl at pH 7.5 and 22°C.

FIGURE 2: Transient difference spectrum ofBjFixLH140-270 (A) and
BjFixLH151-256 (B). Points represent data obtained 5µs after CO
photodissociation. The solid line is the steady-state difference
spectrum (deoxy protein minus CO-bound protein). The transient
and steady-state spectra are normalized to the same absorbance at
440 nm to better show the similarity in shape between the transient
and the steady-state difference spectrum. Sample conditions:∼10
µM BjFixLH, 50 mM Tris (pH 7.5), 50 mM NaCl, and 1 mM CO
at 22°C.

FIGURE 3: Transient absorption traces for rebinding of CO to
BjFixLH140-270 (A) and BjFixLH151-256 (B) at 440 nm after
photolysis. Sample conditions are the same as in Figure 2. The
systematic oscillation with longer times is due to photomultiplier
noise induced by the laser Q-switch.
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decay scheme. The first decay occurs faster than the
resolution of our instrument (τ1 < 50 ns), and the second
has a lifetime (τ2) of ∼150 ns in the temperature range of
15-35 °C. According to eq 4, the volume and enthalpy
changes for each process can be determined by plotting a
ratio of the sample amplitude to the reference amplitude,
scaled to the energy of the laser pulse at 532 nm (φiEhν)
versus a temperature-dependent factor,CpF/â. Figure 6
displays plots ofφiEhν versusCpF/â for both phases for
BjFixLH140-270. The slope of the linear fits corresponds to
the volume change per mole of photons absorbed and the
intercept to the heat released to the solvent. For reactions
with a quantum yield (Φ) of <1, the reaction volume change
for each process is obtained using

and ∆H for the reaction for the fast phase (τ < 50 ns) is
calculated using

The enthalpy change for the subsequent processes is related
to the heat deposited to the solvent by∆H ) -Q/Φ. To
calculate reaction volume and enthalpy changes, we used a
Φ of 0.86 determined by Rodgers et al. (19) (although, as
noted above, this value may be somewhat smaller for the
samples measured in this study). The volume and enthalpy
changes determined for each process are summarized in
Table 1 together with values determined previously for
myoglobin and a model heme compound [2-methylimidazole
Fe(II)4SP]. Lifetimes for the slow phase process over a
temperature range of 15-35 °C were determined to be∼150
ns and do not exhibit significant temperature dependence,
possibly due to the very low activation energy.

Figure 7 displays the corresponding overlay of an acoustic
trace for photodissociation of CO from the truncated
BjFixLH151-256 domain and a reference trace measured at
35 °C. Unlike the case for the full-length heme domain, no
phase shift is observed indicating no volume and/or enthalpy
changes take place between∼50 ns and∼10 µs. On the
other hand, the sample trace exhibits a smaller amplitude
than the reference trace, indicating the presence of volume
and enthalpy changes occurring within<50 ns of CO
photodissociation. A plot ofφiEhν versusCpF/â is provided
in Figure 6, and the∆V/∆H values are also summarized in
Table 1 and discussed below.

DISCUSSION

To probe intradomain signaling in the FixL class of PAS
domain heme oxygen sensors, we have characterized the

FIGURE 4: Arrhenius plot for CO recombination toBjFixLH140-270
andBjFixLH151-256. Data are from the temperature dependence of
the transient absorption traces described in Figure 3.

FIGURE 5: Photoacoustic traces for photodissociation of CO from
BjFixLH140-270 and the corresponding reference compound at 35
°C. The absorbance of the sample and reference at the excitation
wavelength (532 nm) was 0.25. Sample conditions were as
described in the legend of Figure 2.

∆V ) ∆Vcon/Φ (7)

∆H ) (Ehν - Q)/Φ (8)

FIGURE 6: Plot ofφiEhν vsCpF/â for fast phase (b) and slow phase
(O) of photodissociation of CO fromBjFixLH140-270 and for the
single observed combination phase from BjFixLH151-256 (9).
Conditions were as described in the legend of Figure 2.

Table 1: Summary of PAC Results forBjFixLH140-270 and
BjFixLH151-256

a

fast phase (<50 ns) slow phase

∆H
(kcal/mol)

∆V
(mL/mol)

∆H
(kcal/mol)

∆V
(mL/mol)

τ
(ns)

2-MeIm(Fe)4SPb 17 ( 3 21.1( 0.7 - - -
myoglobinc 7.4( 2.0 -1.7( 0.6 5.5( 1.2 15.5( 0.5 700
BjFixLH140-270 14 ( 3 -1.4( 0.8 6.0( 3.5 5.3( 0.7 150
BjFixLH151-256 25 ( 4.0 4.9( 0.4 - - -

a PAC results for a heme model complex and CO-bound horse heart
myoglobin are also included.b From ref 36. c Data for horse heart
myoglobin in 100 mM Tris buffer (27, 29).
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thermodynamic and kinetic parameters associated with ligand
binding in two forms of the FixL heme domain fromB.
japonicum. BjFixLH140-270 contains the most extensive PAS
core, composed of a five-stranded antiparallelâ barrel and
a centralR helix. In contrast,BjFixLH151-256 is a truncated
domain, missing 11 amino acid residues on the N-terminal
end and 14 residues on the C-terminal end, but retaining
heme binding and other essential structural components of
a functional heme-PAS core. Transient absorption results
demonstrate that the truncations do not significantly affect
the conformation of the heme pocket after CO photolysis or
the rate of ligand recombination. The transient absorption
spectra after ligand photodissociation are nearly identical for
both forms of the protein and have a line shape that can be
superimposed with the corresponding equilibrium difference
spectrum. These results suggest that upon ligand photodis-
sociation for both proteins, the heme and surrounding protein
environment relax to the equilibrium unliganded conforma-
tion in less than∼5 µs.

Previously, Liebl et al. (27) using femtosecond spectros-
copy to study photodissociation of ligand fromBjFixLH
reported small spectral changes taking place within the first
200 fs and the absence of additional spectral evolution
between∼1 ps and 4 ns. In addition, those authors observed
that the absorption spectrum of the transiently formed deoxy
species was distinct from that of the equilibrium deoxy form
and that this difference persisted up to the time limit of their
instrumentation (∼4 ns). Those results indicate that upon
photolysis an intermediate is formed with an unrelaxed heme
pocket, which decays with a rate faster than∼5 ms.

The single-wavelength transient absorption data presented
here show that ligand recombination to the five-coordinate
hemeBjFixLH140-270 occurs with a rate constant of∼10 s-1

at 18 °C and under 1 atm of CO (i.e., 1 mM solution
concentration) (vide supra). Under identical conditions, we
observed a slightly faster rate constant (∼17 s-1) for
rebinding of CO toBjFixLH151-256. These pseudo-first-order
rate constants are similar to rate constants previously reported
for rebinding of CO to theS. melilotiFixL heme domain
(kobs ) 25.8 s-1 at 24.5°C) (1, 18) and fromB. japonicum
(kobs) 5 s-1 at 25°C) (18). Similarity in CO rebinding rates

as well as the fact that the transient difference spectra are
superimposable with the equilibrium difference spectra for
both BjFixLH140-270 and BjFixL151-256 demonstrates that
changes in the heme pocket that are coupled to ligand
photodissociaiton and subsequent rebinding are not affected
by the truncation at the N- and C-terminal ends of the heme
domain.

Before the PAC data onBjFixLH are interpreted, it is
instructive to consider previous PAC studies on myoglobin
(Mb). Peters and collaborators (21, 28) used PAC to
determine volume and enthalpy profiles for dissociation of
CO from myoglobin. Those studies revealed that ligand
dissociation is characterized by a small endothermic (∆H )
6 kcal/mol) volume contraction (∆V ) -1.9 mL/mol) (28).
On longer time scales, an intermediate with a lifetime of
∼800 ns (at 20°C) was identified which had not been
previously observed by optical methods. It was reported that
the decay of the intermediate is coupled to a volume
expansion of∼13 mL/mol. The initial contraction was
associated with the disruption of a salt bridge between Arg45
and the heme 6-propionate side chain and the subsequent
800 ns phase with the reformation of this salt bridge.
Recently, the Terazima group (29, 30) extended the study
of ligand dissociation from myoglobin to the picosecond time
scale using transient grating spectroscopy. In agreement with
the previously reported results, they observed a 700 ns kinetic
event but attributed this phase to escape of the ligand from
the protein to the solvent or possibly protein relaxation after
ligand escape.

Similar to those CO-Mb studies, our PAC studies of
BjFixLH140-270 reveal the presence of two kinetic processes
following ligand photodissociation. Within 50 ns, a small
contraction of-1.4 mL/mol is observed, and this phase is
followed by a volume expansion of 5.3 mL/mol with a
lifetime of ∼150 ns (which are∼0.003 and∼0.013% of the
total protein volume, respectively, assuming a volume for
the full length heme domain of∼25130 Å3/molecule obtained
from the crystal structure). It should be noted that the volume
change observed for these two phases is quite distinct from
the overall volume change calculated from the crystal
structure using QSAR (Quantitative Structure Activity
Relationship) in HyperChem. The volume change calculated
from the crystal structures is essentially∆Vvdw and does not
include any solvent interaction terms. The total volume
change calculated in this way (∆Vvdw ) VCO + VdeoxyFixL -
VCOFixL, whereVdeoxyFixL andVCOFixL are calculated from the
crystal structures andVCO is determined from HyperChem)
is ∼48 mL/mol. It is unclear to what extent∆Vvdw obtained
from the crystal structures contributes to the overall∆V
obtained from the PAC measurements since∆Vvdw does not
contain any solvation parameters and is calculated from static
structures, whereas the PAC data involve an intermediate.

The similarity in the magnitude of the initial volume
contraction betweenBjFixLH140-270 and CO-Mb suggests
that the origin of the contraction may be similar in both
proteins. In the case of myoglobin, CO photodissociation
and relaxation of the heme to the equilibrium high-spin
electronic configuration take place in<350 fs (31, 32) and
the photoproduct attains the equilibrium deoxy conformation
after∼3 ns (33). A detailed characterization of the structural
differences within the heme binding pocket of FixLH from
S. melilotiin the presence and absence of carbon monoxide

FIGURE 7: Photoacoustic traces for photodissociation of CO from
BjFixLH151-256 and the corresponding reference trace. The absor-
bance of the sample and reference at the excitation wavelength (532
nm) was 0.2. Conditions: 50 mM Tris (pH 7.5), 50 mM NaCl,
and 1 mM CO at 35°C.
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has been provided by resonance Raman (19, 34) and EXAFS
spectroscopy (34). Those studies showed that the Fe-CO
and Fe-Nim bond distances in FixL and myoglobin are
basically identical, although the Fe-CdO angle in FixLH
is more linear than in myoglobin. Using transient resonance
Raman spectroscopy, Rodgers et al. (19) identified a transient
intermediate after CO photodissociation. Relative to the
relaxed deoxy FixLH, the intermediate exhibits a shorter Fe-
His bond, and such bond compression was proposed to
provide sufficient energy to drive protein conformational
changes.

Thus, the similar initial volume contractions identified in
myoglobin andBjFixLH arise from changes in their respec-
tive heme domains that are coupled to Fe-CO bond
cleavage, the low-spin to high-spin heme transition, and
possibly a salt bridge disruption. We consider these pos-
sibilities in more detail. Previous high-pressure studies have
suggested that the low-spin to high-spin change for transition
metal centers is accompanied by a volume increase of∼12
mL/mol, whereas bond fission reactions have characteristic
volume increases of∼5 mL/mol (35). Since the initial events
in the photolysis of CO from the heme iron ofBjFixLH
include a low-spin to high-spin transition as well as CO-
Fe bond cleavage, a total volume increase of∼17 mL/mol
might be expected (that is, if the protein behaves simply as
a heme “solvent”). The fact that the volume change observed
for processes taking place in<50 ns is approximately-1.4
mL/mol indicates that a volume decrease takes place that is
larger than the expected volume increase due to the heme
photochemistry (i.e.,-1.4 mL/mol∼ ∆VLS-HS + ∆VFe-CO

+ ∆Vprotein). This places the magnitude of∆Vprotein on the
order of approximately-18.4 mL/mol.

What can account for this volume change? One possibility
results from considering that this value is similar to that
expected for electrostriction of water around a newly created
charge, a contraction of∼12-15 mL/mol. This similarity
to ∆Vprotein for the BjFixLH-CO species suggests that
cleavage of the CO-Fe bond results in disruption of a
peripheral salt bridge interaction, allowing for a more solvent-
exposed charge (34) and accompanying electrostriction.

The initial contraction is also endothermic, with an
enthalpy change of 14.1( 3.5 kcal/mol. This value is similar
to the enthalpy of Fe-CO bond cleavage, which has been
determined to be∼17 kcal/mol for myoglobin (26) and for
the heme model compound (2-methylimidazol)Fe(II)4SP
(36). Thus, there are two processes that contribute for the
initial enthalpy and volume changes. At this point, we also
note that the transient intermediate identified using resonance
Raman spectroscopy is not likely to be resolved by PAC
due to an undetectably short lifetime (<50 ns) or to the fact
that compression of the Fe-His bond may not be coupled
to significant volume and/or enthalpy changes.

For BjFixLH140-270, the initial contraction is followed by
a subsequent 150 ns phase. This longer time phase is
associated with a volume expansion of 5.3( 0.8 mL/mol
and an enthalpy change of 6.0( 3.5 kcal/mol. Several
processes can contribute to the observed positive volume
change: migration of CO through the protein matrix, escape
of CO into the surrounding solvent, and/or protein confor-
mational changes. Release of CO to the solvent (aqueous
buffer in this case) is expected to have a positive volume
change since fragmentation reactions are in general coupled

to the increase in overall volume (37). In addition, the
enthalpy change of 6.0( 3.5 kcal/mol determined for the
150 ns phase is close to the value for CO solvation, which
has been estimated to be 2.6 kcal/mol (38). Therefore, the
volume and enthalpy changes associated with the 150 ns
phase are consistent with those expected for the escape of
CO from the protein matrix and concomitant solvation.

Interestingly, a phase comparable to the 150 ns phase is
missing in the case ofBjFixLH151-256. PAC data for
photodissociation of CO fromBjFixLH151-256 show only one
phase, and that occurs within∼50 ns of photolysis. However,
for BjFixLH151-256, the observed volume expansion (∆V )
4.2 ( 0.3 mL/mol) for this single,<50 ns phase represents
the physical processes that are the sum of the volume change
for the initial contraction and 150 ns expansion found for
release of CO fromBjFixLH140-270. That is, forBjFixLH140-270,
∆Vtotal ∼ -1.4 mL/mol + ∼5.3 mL/mol ∼ 3.9 mL/mol
compared to a∆V of 4.2 ( 0.3 mL/mol forBjFixLH151-256.
Likewise, the enthalpy change of 25 kcal/mol for
BjFixLH151-256 is only slightly greater than the sum of the
enthalpy changes of the fast and slow phases observed for
BjFixLH140-270. Consequently, we consider it likely that the
truncation of 11 amino acid residues at the N-terminus and
14 amino acid residues at the C-terminus of theBjFixL PAS
heme domain causes changes associated with the protein
surface that accelerate the release of ligand from the protein
and/or change salt bridge interactions.

With a view to attributing these PAC changes to a specific
structural feature, we note that changes in salt bridges have
been previously implicated in PAC studies of Mb (21), and
are also thought to contribute to signaling in LOV, a non-
heme PAS protein. Crosson et al. (39) proposed that in the
LOV family of PAS domain proteins a surface salt bridge
plays an important role in the interaction between the
signaling LOV domain and an interaction partner. They
suggested that the breaking or formation of the salt bridge
changes the conformational flexibility of the LOV domain
and thereby modulates interdomain interactions.

One possibility forBjFixLH140-270 is that dynamics as-
sociated with a similar surface salt bridge could contribute
to PAC results. Such a salt bridge exists in both FixLH and
EcDos. In BjFixLH, this salt bridge is formed between
Glu182 and Arg227. The thermodynamic parameters deter-
mined by PAC are consistent with a model in which the
release of ligand fromBjFixLH is coupled to the disruption
of this salt bridge, which in turn changes the overall charge
distribution on the protein surface (thus accounting for the
fast phase volume contraction). Such changes in charge
distribution could also change interactions between the FixL
sensor and kinase domains, thereby influencing interdomain
signal transduction as in LOV. The heme communicates with
the surface area ofBjFixLH that includes the Glu182-
Arg227 salt bridge, as shown by our unpublished work (40)
in which the fluorescence of Trp178, a structural neighbor
to the salt bridge, changes upon heme ligation. We speculate
that heme-surface communication occurs through a pathway
involving hydrophobic residues similar to that proposed for
the LOV domains (39). The residues participating in such a
connecting pathway are shown in Figure 8.

In contrast to these solution results, it is interesting that
crystal structures of the CO-bound and deoxy forms of
BjFixLH show only small perturbations in the Trp178-
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Glu182-Arg227 area, which would argue against salt bridge
disruption as the source of the volume contraction (41).
However, again, this is similar to the case found in Mb where
the structural perturbations observed in the Mb crystal
structure between Arg45 and the heme propionate 6 are also
small, but wherein mutation of the Arg residue significantly
reduced the observed volume contraction (21) in solution
measurements. Thus, for both Mb andBjFixLH, salt bridge
disruption may be transient or simply does not occur within
the crystallized forms of each protein, perhaps as a conse-
quence of crystal packing forces.

An alternative possibility to account for the PAC results
involves changes in the position of the Arg206 side chain
(Figure 8). A recent crystallographic study by Key and
Moffat (41) of the deoxy and CO-bound forms of aBjFixL
heme domain showed increased disorder of Arg206 upon
CO binding. Arg206 has been proposed to compensate for
the charge on heme propionate 7 due to release of Arg220
(Figure 8) that rotates into the heme pocket upon oxygen
binding (42, 43). In the case of CO binding, the Arg220-
heme propionate salt bridge remains intact but the increased
heme planarity does shift the FG loop, resulting in Arg206
disorder. Increased solvent exposure (and accompanying
electrostriction) of this Arg residue could also account for
the observed volume decrease in our studies.

In any event, the photothermal data presented here have
clearly revealed enthalpy and conformational changes after
ligand photodissociation in both forms of theBjFixL heme
domain in solution. Although the precise nature of the
volume contraction has not been elucidated, our results are
the first quantitation of energetic and volumetric events that
are associated with intradomain signal initiation, and likely
with intradomain signal propogation, for any heme oxygen
sensing or signaling protein. These results provide quantita-
tive boundries as well for the kinetics of these conformational
changes. In total, these studies provide the basis for a new

framework from which to probe initiation and evolution of
the signaling event in FixL.
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