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ABSTRACT: This report presents evidence for interdomain steps of the ligand-coupled signal transduction
mechanism of the oxygen receptor fromRhizobium meliloti, RmFixL. Photolysis of the CO adducts of
heme domain (RmFixLN) and heme kinase (RmFixL*) proteins allowed tracking of second-order heme
CO recombination reactions by transient absorbance. Whereas CO rebinding toRmFixLN is characterized
by a single kinetic phase, rebinding toRmFixL* is characterized by two kinetic phases. Evidence indicates
that CO rebinds to two interconvertible deoxyRmFixL* conformers that are produced sequentially after
photolysis. Since the second conformer is only observed when the kinase domain is present, its production
is concluded to be an interdomain signal transmission event that is coupled to heme ligand release. Because
receptor clustering is a recurring theme in signal transduction mechanisms, the dependence of molecular
weight upon heme ligation was investigated at equilibrium. Gel permeation chromatography and native
gel electrophoresis showed that the molecular weight distribution for bothRmFixLN andRmFixL* depends
on heme ligation. At equilibrium, oxyRmFixLN and oxyRmFixL* exist as monomers and dimers,
respectively. Their deoxy analogues, metRmFixLN and metRmFixL*, exist as dimers and as a mixture of
tetramers and 9-mers, respectively. Assembly of these oligomers is reversible. The physiological relevance
of these ligand-coupled assemblies and the kinetic factors controlling CO recombination are discussed.

The O2 sensor, Rhizobium meliloti FixL (RmFixL),1

regulates the genes required for N2 fixation (1). It consists
of a transmembrane domain, a heme-containing PAS domain,
and a histidine kinase domain (2, 3). Binding and release of
O2 by the ferrous heme are communicated to the kinase
domain and control its autophosphorylation activity with
ATP. RmFixL then regulates activity of the transcriptional
activator, FixJ, via phosphoryl transfer (4, 5). DeoxyRmFixL
(ferrous heme) and other high-spin (HS) forms such as
metRmFixL (ferric heme) exhibit kinase activity. The kinase
activity of oxyRmFixL (ferrous O2 bound) and other low-
spin (LS) six-coordinate (6-c) heme adducts is inhibited (6).
Initially, a spin state model in which kinase activity is
responsive to the spin state of the heme was proposed (6).
Subsequent studies have pointed to the exogenous ligand
occupancy of the distal heme pocket as an important factor
in communication between the heme and kinase domains
(7-9). More detailed insights into the mechanism of signal
transmission have only recently been gained (10-13).

Several mechanistic models have been proposed for
communication of O2 uptake by the heme, which sits with a
cavity between theR-helix andâ-sheet structures of the PAS
fold (10, 12), to the kinase domain. On the basis of
comparison of the crystal structures of five-coordinate (5-c)
HS ferric, 6-c LS ferric cyanide, and 6-c LS oxy forms of
the heme domain ofBradyrhizobium japonicumFixL
(BjFixL), it has been suggested that the allosteric mechanism
of FixL is unique and relies on rearrangement of H-bonding
between heme 6,7-propionates and the FG loop in response
to heme doming/flattening upon ligand dissociation/associa-
tion (10, 12). BjFixL is 50% homologous withRmFixL (14).

A second model involving steric interactions on the distal
side of the heme when O2 binds has been proposed (7, 9,
13, 15). Resonance Raman and UV-visible spectroscopic
characterization and autophosphorylation activity ofRmFixL
mutated at Ile209 and Ile210 indicate that these residues are
important in communication between the heme and kinase
domains. Conformational changes in the highly flexible
Ile209 and Ile210 residues upon O2 binding heme and steric
interactions of their side chains with bound O2 are proposed
to be the first step in signal transduction to the kinase domain
(13, 15).

Finally, a model of interdomain signaling which involves
propagation of ligation-coupled conformational motion orig-
inating from both sides of the heme has been proposed (16).
Reports of resonance Raman studies of the CO and NO
adducts ofRmFixL* and RmFixLN have revealed different
distal pocket conformations in the two proteins (7, 16-18).
These data support the conclusion that the kinase domain
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constrains the distal heme pocket and the Fe-C-O and Fe-
N-O conformations. This points to involvement of distal
interaction in interdomain signal transduction and is consis-
tent with the distal mutations that disrupt interdomain
communication (13, 15). In addition, nanosecond time-
resolved rR spectra show transient compression of the Fe-
His bond after CO photolysis, but before formation of
equilibrium deoxyRmFixL wherein the kinase is active (11).
A direct correlation between the kinase activity and the
distance between the mean heme plane and the proximal
imidazole was revealed by EXAFS studies of fiveRmFixL
ligand complexes (17). These data support involvement of
the proximal side of the heme in communicating the heme
ligation state.

Examining the rates of CO coordination to the heme of
RmFixL provides a view into the signal transduction between
the heme and kinase domains. Like O2 binding, CO binding
inhibits kinase activity ofRmFixL (6). The photolabile nature
of the Fe-CO bond in theRmFixL-CO adduct allows for
laser-induced dissociation of the CO. This property is
particularly useful as a rapid trigger in initiating conversion
of kinase-inactive (CO-bound) to kinase-active (5-c HS
ferrous) RmFixL. This photolysis enables kinetic studies
probing the dynamics of the active site. In this study, the
kinetic behavior of CO recombination is examined for two
soluble derivatives ofRmFixL, RmFixLN and RmFixL*.
RmFixLN, the heme domain ofRmFixL, binds oxygen but
lacks kinase activity (2). RmFixL* contains the heme domain
and the C-terminal kinase domain ofRmFixL; it binds
oxygen, exhibits kinase activity, and transfers its phosphate
group toRmFixJ (4). The bimolecular CO recombination
kinetics ofRmFixLN reveal a single kinetic phase. However,
two kinetic phases are observed for bimolecularRmFixL* -
CO recombination. These results are consistent with a
conformational transition that (a) involves the kinase domain
and (b) is coupled to release of the heme ligand. The
relevance of the second phase to the mechanism of signal
transduction is discussed.

MATERIALS AND METHODS

Protein Preparation. RmFixLN and RmFixL* were ob-
tained as previously described (2, 7). They were purified to
homogeneity, as judged by SDS-PAGE. The proteins were
fully loaded with heme based on the purity indices,Rz (A397/
A280), for ferric RmFixL* and RmFixLN of 2.8 and 4.0,
respectively. Autophosphorylation activity ofRmFixL* was
measured by32P tracer methods using [γ-32P]ATP (2, 7).
Activities were in line with published values (2, 7, 15).
Interconversions of the ferric, ferrous, and ferrous carbonyl
forms of both proteins were confirmed by UV-visible
spectroscopy. UV-visible spectra were recorded on a
scanning double spectrometer under microcomputer control.
The spectrometer was calibrated against the holmium oxide
glass spectrum.

Preparation of FixL-CO Adducts.Deoxy forms ofRm-
FixL* and RmFixLN (15-100µM in heme) were generated
anaerobically in an ice bath by treatment of ferricRmFixL*
and RmFixLN with approximately 2 redox equiv of a
buffered sodium dithionite solution. The corresponding CO
adducts were prepared by flushing the ferrous proteins with
CO or a mixture of CO and N2 with the CO:N2 molar ratio

controlled by calibrated flow meters. The solubility of CO
in the protein solution was taken to be the same as that in
water and was calculated using Henry’s Law. The concentra-
tion of CO in solution was calculated from the partial
pressure of CO over the solution, which was corrected for
the vapor pressure of water. Protein samples were in 20 mM
Tris-HCl buffer (pH 7.8) and 100 mM NaCl. Samples were
loaded anaerobically into quartz ESR flat cells having an
optical path length of 0.36 mm.

Measurement of CO Recombination Rates.All rate mea-
surements were carried out under psuedo-first-order condi-
tions with CO in large excess. The CO ligand was photo-
dissociated with a 3 ns, 532 nm laser flash from an injection-
seeded Nd:YAG laser having a “top hat” beam profile. The
pulse repetition rate of the Nd:YAG laser was 0.5 Hz (unless
otherwise noted) to ensure the system had returned to
equilibrium prior to the next pulse. For single-wavelength
measurements, a low-intensity beam from a wavelength-
filtered quartz halogen lamp was used to track absorbance
during CO recombination. The photolysis and probe beams
were overlapped such that the pump beam diameter was
approximately 1.5 times that of the probe. Light transmitted
through the sample was focused on the slit of a 0.3 m
monochromator equipped with a 1800 groove/mm grating
and a photomultiplier tube. The PMT output was recorded
with a digital sampling oscilloscope. Digital sampling rates
ranged from 0.5 to 10 kHz. Absorbance was monitored at
440 nm during CO recombination. Observed rate constants
(kobs) were obtained by nonlinear least-squares fitting of the
absorbance decay curves using exponential decay functions
and the Marquardt-Levinberg algorithm.

∆A spectra were recorded at millisecond pump-probe
delays using a multichannel CCD-based spectrometer. The
white light source was a Xe flash lamp (pulse duration of 2
µs) that was electronically delayed from the laser photolysis
flash. The∆A spectra were obtained by referencing the
delayed transmittance against that recorded with the flash
lamp but without laser photolysis. The temperature of the
photolyzed sample was monitored with a fine Fe:constantan
thermocouple (TC), which was inserted into the sample cell
such that the TC junction was positioned in the center of
the overlapping photolysis and probe beams.

There was no evidence of either thermal or photochemical
damage to the samples over the course of the CO recombina-
tion experiments described herein. Steady state absorbance
spectra were recorded between 350 and 750 nm immediately
before and after the photolysis experiments to verify sample
integrity using the same spectrophotometer described in the
preceding paragraph.

Molecular Weight Distribution. RmFixL* and RmFixLN
molecular mass determinations were accomplished by HPLC
size exclusion chromatography (Bio-Rad Bio sil SEC-125
column, 1.0 mL/min flow rate, 20 min run time). Absorbance
of column effluent was monitored at 398 nm for theRmFixL
protein runs. For column calibration, the absorbance was
monitored at 280 nm. Molecular mass standards were
thyroglobin, immunoglobin G, albumin, myoglobin, and B12.

Native gels were prepared according to published methods
(19). The gels were run at 4°C over a period of 8 h. Oxygen
adducts of theRmFixL proteins were obtained by exposing
the deoxy protein prepared in the presence ofâ-mercapto-
ethanol to oxygen. Since it has been shown thatâ-mercap-
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toethanol slows the rate of oxyRmFixL autoxidation to ferric
RmFixL (6), it was used here to maintain the hemes in their
oxy form during the electrophoresis. The met derivatives
were not exposed toâ-mercaptoethanol prior to or during
electrophoresis. After being fixed in 10% acetic acid, the
gels were stained with dimethoxybenzidine (DMB) (20) to
detect heme-containing protein. Control gels were stained
with Commassie blue.

RESULTS

Kinetics of CO Recombination.In heme-CO photolysis
experiments, the heme/CO geminate pair, wherein the Fe-
CO bond is broken but CO remains in the heme pocket, is
generated immediately upon photolysis. Geminate recom-
bination rates are not dependent on CO concentration. Since
the rates of all recombination reactions observed in this study
were dependent on CO concentration (see below), none of
the relaxations reported here can be attributed to geminate
recombination. Hence, in the cases ofRmFixLN/CO and
RmFixL*/CO, recombination of the geminate pair is either
(a) too fast to be observed with the experimental setup
described above or (b) too slow to compete effectively with
escape of CO from the heme pocket. For theRmFixLN-
CO and RmFixL* -CO adducts, the total second-order
recombination yields at saturating pulse energies were 0.86
and 0.73, respectively. Since the quantum yield for heme-
CO photolysis is generally close to 1, geminate recombina-
tion likely accounts for the remaining fraction of the
photolyzed heme and occurs at rates too fast to be observed
under the experimental conditions used in this study. Hence,
the recombination reactions reported here can be represented
by eq 1.

Expressions for the rate ofRmFixL disappearance are given
in eqs 2-5. They reveal that the rate of CO rebinding
depends on the rates of both CO association (governed by
kon) and CO dissociation (governed by the apparentkoff, k′off,
which includes a contribution fromRmFixL-CO photolysis
by the probe beam). Derivation of eq 3 is given in the
Appendix.

The UV-visible absorption spectra of deoxyRmFixL* and
its CO adduct are compared in the inset of Figure 1. Spectra
for deoxyRmFixLN and its CO adduct are comparable (data
not shown). Figure 1 also shows the 440 nm transient
absorbance (TA) traces for rebinding of CO to photogener-
ated deoxyRmFixL* and deoxyRmFixLN acquired with CO
in large excess (pseudo-first-order conditions). Relaxation
of the∆A signal was monitored at 440 nm because it is the
wavelength of maximum absorptivity difference,∆∆max,
betweenRmFixL-CO derivatives and their photoproducts.
Fitting of ∆A relaxation data acquired under these conditions

yields observed rate constants,kobs, and the∆A amplitudes
for the relaxation processes.

CO recombination toRmFixL* is characterized by two
kinetic phases. Lifetimes (τ) and amplitudes (∆A) of these
phases were obtained by fitting the TA traces to a two-term
exponential function of the form∆Atotal ) ∆Afast exp(-t/
τfast) + ∆Aslow exp(-t/τslow). Under 1 atm of CO at 24.5°C,
the observedRmFixL* -CO recombination rate constants
(kobs ) τ-1) were 26.1( 0.2 and 8.69( 0.07 s-1. As
expected forkobs formulated as in eq 5, Figure 2 shows that
both observed rate constants are independent of [RmFixL*].
Thus, the recombination reactions are first-order in [Rm-
FixL*] according to eq 4. Since oxygen binding toRmFixL
has been shown to be noncooperative (21), it is likely that
CO binding is also noncooperative. These two kinetic phases
are attributed to CO recombination with two interconvertible
RmFixL* conformers,I (fast) andII (slow), which will be
discussed below.

CO recombination toRmFixLN is a single-phase process,
as judged by the quality of the fit to a single-exponential
function shown in Figure 1. As withRmFixL*, the kobs(25.8
( 0.2 s-1, 24.5 °C) was independent of [RmFixLN],
indicating thatRmFixLN-CO recombination is also first-
order in [RmFixLN] (data not shown).

The apparent dissociation rate constant,k′off, has contribu-
tions from (a) thermal CO dissociation (koff) and (b)
photolysis of theRmFixL-CO adduct by the 440 nm probe

RmFixL + CO y\z
kon

k′off
RmFixL-CO (1)

rate) kon[RmFixL][CO] - k′off[RmFixL-CO] (2)

rate) (kon[CO] + k′off)[RmFixL] (3)

rate) kobs[RmFixL] (4)

kobs) kon[CO] + k′off (5)

FIGURE 1: Transient absorbance change observed upon flash
photolysis of CO from theRmFixL-CO adduct. The rapid increase
in absorbance at 440 nm is associated with CO dissociation from
the heme. (A) CO recombination withRmFixL* tracked by
monitoring∆A440 with time. (B) CO recombination withRmFixLN
tracked by monitoring∆A440 with time. Data are shown as points.
The data were fit to a two-term exponential function forRmFixL*
(60 µM) and a single-term exponential function forRmFixLN (57
µM). The fits are shown as solid lines. Both samples were under 1
atm of CO. The inset shows visible spectra of theRmFixL* -CO
adduct (thick line) and deoxyRmFixL* (thin line). The CO was
photolyzed with a 3 nspulse of 532 nm laser light (25 mJ/pulse).

12934 Biochemistry, Vol. 40, No. 43, 2001 Rodgers et al.



beam (kphot). As shown in Figure 3, plots ofkobsversus [CO]
are linear for bothRmFixL* and RmFixLN. Values forkon

andk′off for CO recombination withRmFixLN andRmFixL*
were determined from the slopes and they-intercepts of these
plots and are listed in Table 1. To maintain consistency in
notation with Table 1,k′off is hereafter formulated ask1 +

kphot for the fast recombination phase and ask-5 + kphot for
the slow phase. The linear dependence of the observed rate
constants upon [CO] indicates that all recombination reac-
tions monitored here involve a second-order step. Values of
k1 + kphot andk-5 + kphot listed in Table 1 are considerably
larger than the thermal dissociation rate constant previously
reported (koff ) 0.083 s-1) (21). The difference is attributed
to CO photolysis by the probe beam.

Photodissociation of theRmFixLN-CO andRmFixL* -
CO adducts exhibited similar photolysis saturation behavior.
The∆A440 after photolysis is dependent on the pulse energy
used to photodissociate the sample. For pulse energies of
g20 mJ, photolysis of theRmFixLN-CO andRmFixL* -
CO adducts was saturated; higher energies did not increase
the second-order recombination yield, as judged by∆A440

(data not shown). Under saturating photolysis conditions, a
larger ∆A440 is observed forRmFixLN than for RmFixL*.
In these experiments,∆A440 corresponds to the amount of
5-c HS heme that persists after the photolysis pulse due to
CO having diffused out of the heme pocket. If comparable
photolysis quantum yields are assumed, the rate of geminate
CO recombination competes with CO escape from the pocket
more effectively inRmFixL* than in RmFixLN.

Figure 4 shows∆A spectra in the B-band region of
RmFixL*. They show a monotonic decay in∆A intensity
across the entire spectrum with increasing delay between
laser-induced CO photolysis and white light probe pulses
from a 2µs Xe flash lamp. For comparison with Figure 1,
the inset shows the∆A440 decay along with the best fit line
for the same two-term exponential decay function used for
the fit shown in Figure 1. The spectra exhibit clean isosbestic
behavior, indicating that interconversion ofI and II does
not cause detectable spectral changes in the deoxy heme.
This is consistent with the conformational transition occurring

FIGURE 2: Plots ofkobs(fast)andkobs(slow), as a function of [RmFixL*]
indicate that, under pseudo-first-order conditions, both recombina-
tion pathways are first-order in protein concentration.∆Afast and
∆Aslow were obtained directly from exponential fits of the TA data.
Since the∆Afast:∆Aslow ratio is independent of [RmFixL*], the
interconversion of conformersI and II is also first-order in
[RmFixL*].

FIGURE 3: kobsas a function of CO concentration. The experiments
were carried out under psuedo-first-order conditions at 1 atm and
24.5°C. Values ofkobs were determined from the exponential fits
of ∆A440 vs time forRmFixL* (two-term exponential function) and
RmFixLN (single-term exponential function). The solid lines
represent the best fits to the experimental data. Thekobs values are
represented as follows: (0) RmFixLN, (O) RmFixL* fast phase,
and (4) RmFixL* slow phase.

Table 1: Rate Constants for CO Recombination withRmFixLa

protein k1 + kphot (s-1)b k-2 (M-1 s-1)c k3 (s-1) k4 (M-1 s-1)d k5 + kphot (s-1)e k6 (s-1)

RmFixLN (heme domain) 1( 1 (1.5( 0.1)× 104 N/A N/A N/A N/A
RmFixL* (heme-kinase) 6.9( 0.4 (1.20( 0.03)× 104 13.5 (4.2( 0.3)× 103 1.9( 0.3 3.3
a Uncertainties are(10% where not indicated. Rate measurements were taken at 24.5°C. b This sum isk′off for CO recombination withI . c The

rate constant for CO binding toI corresponds tokon in the general kinetic expression given in eq 5.d The rate constant for CO binding toII
corresponds tokon in the general kinetic expression given in eq 5.e This sum isk′off for CO recombination withII .

FIGURE 4: Transient∆A spectra showing CO recombination with
photolyzed (RmFixL*) 2 at room temperature. Spectra were recorded
at delays ranging from 10 to 800 ms and were referenced against
the spectrum of (RmFixL* -CO)2. [RmFixL* -CO] ) 15 µM, and
[CO] ) 1.58 mM. The inset shows∆A440 vs time. Open circles
are original data points obtained from the TA spectra shown. The
solid line is the fit of the data points to a two-term exponential
function (same as that used in Figure 1).
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sufficiently far from the heme that its electronic properties
are not strongly affected.

Without a spectral change, neither the rate of intercon-
version between formsI and II of RmFixL* nor its
dependences upon protein and ligand concentrations can be
determined directly from recombination rates. To gain these
mechanistic insights, it was necessary to determine the effects
of reactant concentrations on the∆Afast:∆Aslow ratio. Among
the simplest mechanisms to explain the interconversion is
(a) a unimolecular conformational transition or (b) a bimo-
lecular protein-protein association reaction. If the intercon-
version is rate limited by protein-protein association, then
increasing the protein concentration would cause conversion
of I to II to compete more effectively with direct recombina-
tion to I , thereby increasing∆Aslow at the expense of∆Afast.
Figure 2 shows that, at room temperature, the∆Afast:∆Aslow

ratio equals 1.4 and is independent of [RmFixL*], indicating
that formation ofII is first-order in [RmFixL*] and cannot
be rate limited by a protein association step. On the other
hand, the∆Afast:∆Aslow ratio should increase in response to
increasing [CO] because the rate of direct recombination to
I would be increased without affecting the unimolecular
conversion toII . As expected for a fast [CO] dependent
recombination toI and a [CO] independent conversion ofI
to II , the ∆Afast:∆Aslow ratio depends linearly upon [CO].
Figure 5 shows that the∆Afast:∆Aslow ratio doubles with a
doubling of [CO]. Hence, theI to II conversion is unimo-
lecular and does not involve CO. Since the recombination
with I and the conversion ofI to II are competing processes,
their relative rates are indicated by the ratio of∆A amplitudes
(∆Afast:∆Aslow). Since both processes exhibit a first-order
dependence on [RmFixL*], an estimate of the interconversion
rate constant can be made by dividing thekobs for I
recombination (k-2[CO], Table 1) by∆Afast/∆Aslow. This rate
constant is listed in Table 1 ask3.

Effects of the Photolysis Repetition Rate. During the course
of this study, it became apparent that the shape of the
RmFixL* rebinding curve depends on the photolysis repeti-
tion rate. Plots of ln∆A440 versus time for different photolysis
recycle times are shown in Figure 6. The breaks in the log
plots for RmFixL* recombination in parts IA and IB of
Figure 6 are consistent with recombination to the two
aforementioned species,I andII . With increasing repetition
rates (Figure 6I, Af B f C f D), there is a significant

but reversible change in the shape of ln∆A440 versus time.
The plots forRmFixL* -CO recombination show its biphasic
behavior at low repetition rates (parts IA and IB of Figure
6). With a photolysis repetition rate of 7 Hz (part IC of Figure
6), the plot is nearly linear, but quality fits of the data still
required two-term exponential functions. At a still higher
pulse repetition rate (i.e.,g10 Hz, part ID of Figure 6), the
plot is virtually linear, suggesting that only one recombination
pathway is left operating at short recycle times. There is no
significant change in the shape of∆A440 decay curves for
RmFixLN as the photolysis pulse repetition rate is increased.
At all repetition rates that were investigated, CO recombina-
tion for RmFixLN proceeds via a single pathway (panel II
of Figure 6). Both proteins exhibit increases inkobs with
increasing repetition rate, as seen by the increased negative
slopes in Figure 6.

The repetition rate dependence of∆Afast and ∆Aslow

suggested that there is aRmFixL* relaxation process occur-
ring after CO rebinding. There is no measurable UV-visible
spectral change associated with this relaxation, but if it is
not allowed to proceed to completion before the next
photolysis pulse,∆Afast and ∆Aslow do not have their
characteristic low repetition rate amplitudes. Hence, we set
out to exploit the repetition rate dependence of∆Afast and
∆Aslow to characterize this nonspectral relaxation. Charac-
terization was complicated by laser-induced thermal effects
that first had to be clarified.

Thermal Effects at High Photolysis Repetition Rates.
Figures 6 and 7 show two effects of the photolysis laser flash
on sample temperature. The first is a dependence of the
steady state sample temperature (measured directly in the
laser beam cross section) on repetition rate. This dependence
is seen by their linear relationship in Figure 7A. The increase

FIGURE 5: Dependence of the∆Afast:∆Aslow ratio on [CO] for
RmFixL* recombination.∆Afast and∆Aslow were obtained directly
from fits to a two-term exponential decay function. As [CO] is
increased, the∆Afast:∆Aslow ratio increases because the fast recom-
bination that is dependent on [CO] (I + CO) competes more
effectively with the conversion toII that is independent of [CO].

FIGURE 6: Effect of photolysis pulse repetition rate on CO
recombination withRmFixLs. (I) Plots of ln(∆A440) vs time for
RmFixL* at (A) 0.5, (B) 3, (C) 7, and (D) 10 Hz. TheRmFixL*
concentration is 60µM. Pulse energy) 20 mJ at sample;PCO )
1 atm. (II) Plots of ln(∆A440) versus time forRmFixLN at (A) 0.5,
(B) 2, (C) 5, and (D) 10 Hz. The 65µM RmFixLN sample was
under 1 atm of CO. Pulse energy) 25 mJ at sample. Data sets
B-D have been offset from data set A on the∆A440 axis of panels
I and II for clarity of viewing.
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in steady state temperature is manifested in increased rate
constants, as seen by the increased negative slopes in Figure
6 at higher repetition rates.

To compare the rate constants obtained from low- and
high-repetition rate experiments withRmFixL*, it was
necessary to determine their temperature dependencies. The
observed rate constants,kobs, for both recombination phases
exhibited Arrhenius behavior, and their activation energies
were determined from the slopes of Arrhenius plots (lnkobs

vsT-1). These activation energies,Efast (226 kJ/mol) andEslow

(319 kJ/mol), were used to correct the measured rate
constants,kobs, for the laser-induced temperature increases
at higher repetition rates (k′obs). Figure 7B shows that the
corrected rate constants for both phases are independent of
repetition rate and verifies that increases inkobswith repetition
rate are actually due to the increased temperature caused by
dissipation of more pump laser energy at the higher repetition
rates.

The second effect of the laser photolysis flash on sample
temperature is transient in nature, as shown in Figure 7C.
This transient increase in temperature was measured directly
in the beam cross section using the aforementioned TC. The
TC signal was connected directly to a digital sampling
oscilloscope using a 1 MΩ input impedance. Even though
the time dependence of temperature in Figure 7C is distorted
by the large RC time constant of the high-impedance TC
circuit, a transient temperature increase of a few tenths of a
degree is clearly evident. Consequently, the rate constants
determined under these conditions increase slightly im-
mediately after the laser flash and decrease during the CO
recombination due to dissipation of thermal energy from the
beam cross section. The time constant for this dissipation
was estimated to be 0.12 s by exponential fitting of the data
in Figure 7C. Graphically, this temperature transient mani-
fests itself as a very slight deviation from linearity in the
log plots, which is evident upon careful inspection of part
ID of Figure 6 but is most evident in panel II of Figure 6
because of the higher signal-to-noise ratio (S/N). In many
CO photolysis studies, the effects of this temperature transient
are not seen because the rates of recombination are much
faster than that of the dissipation of energy from the laser
flash. It is observed here because the CO recombinations
occur on the same time scale as thermal dissipation. With
the thermal effects of the photolysis laser now clarified, it
was possible to proceed with characterizing the slow
spectrally silent relaxation discussed above.

RecoVery of the Equilibrium RmFixL*-CO Adduct.∆A440

andkobs for bothRmFixL* -CO recombination phases were
independent of photolysis pulse repetition rate between 0.1
and 1 Hz. However, at repetition rates of>1 Hz, the
amplitude of the slow phase (∆Aslow) increased at the expense
of ∆Afast due to buildup ofII (Figure 8). At>7 Hz, only the
slow phase was observed. Figure 8B shows the recovery of
∆Afast with increased time between pulses (recycle time). This
curve shows that for recycle times ofg1 s, the system is at
equilibrium when CO photolysis is induced. The∆A440 decay
curves at intermediate repetition rates show the buildup of
the conformationally unrelaxedRmFixL* -CO adduct, the
extent of which depends inversely upon recycle time. This
buildup is completely reversible; that is, increasing the
recycle time to>1 s returns the∆Afast:∆Aslow ratio to its
equilibrium value of 1.4. Figure 8A shows that∆Atotal

decreases slightly with decreasing recycle time. This small
effect could arise either from a slightly diminished second-
order quantum yield for the conformationally unrelaxed
RmFixL* -CO adduct or from a slight buildup of deoxyRm-
FixL* that persists between photolysis cycles. In either case,
CO binding to the heme does not cause rapid back conversion
of conformationII to conformationI . Inducing photolysis
before complete conformational relaxation yieldsII directly.
These observations indicate that, although recycle time does
not affect the mechanism ofRmFixL* recombination, it
dictates which pathway dominates the process. The influence
of recycle time on the interchange between the∆Afast and
∆Aslow amplitudes indicates that the biphasic CO recombina-
tion kinetics arise from interconvertibleRmFixL* conforma-
tions, rather than two uncoupled equilibrium populations
giving rise to parallel recombinations.

Equilibrium Molecular Weight Distributions of RmFixL.
Gel permeation HPLC and native gel electrophoresis studies

FIGURE 7: (A) Sample temperature as a function of photolysis pulse
repetition rate. Pulse energy) 30 mJ at the sample. [RmFixL* -
CO] ) 60 µM (9). PCO ) 1 atm. Initial sample temperature)
22.8°C. (B) kobsfor CO recombination vs photolysis pulse repetition
rate. Values forkobs were obtained by fitting∆A440 vs time to a
two-term exponential decay function for theRmFixL* -CO adduct.
Values ofk′obswere obtained by correcting thekobsfor laser-induced
temperature increases using activation energies. Solid lines are the
best linear fits to the data: (9) kobs for recombination withI , (0)
k′obsat 24.8°C for recombination withI , (b) kobsfor recombination
with II , and (O) k′obs at 24.8°C for recombination withII . (C)
Temperature vs time after the laser flash. Points are actual data,
and the solid line is the best fit to a two-term exponential function
to model the rise and fall of the sample temperature in the laser
beam cross section.
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reported here show thatRmFixLN and RmFixL* self-
associate in response to conversion from their oxy to their
met forms. OxyRmFixLN ran as monomer on the size
exclusion column, while its met form was dimeric (Figure
9A). OxyRmFixL* ran as a dimer, whereas metRmFixL* was
predominantly higher-order oligomers (Figure 9B). The
observation of some higher molecular weight forms in the
oxyRmFixL* chromatographic run is consistent with small
amounts of metRmFixL* due to autoxidation or to a shift in
the oxy/deoxyRmFixL* equilibrium during the run. While
the O2 adduct is the most physiologically relevant LS form,
the met form is relevant in that, like the deoxy form, it
contains a 5-c HS heme and exhibits kinase activity (6).
Relative populations of the oligomers were quantified by
integration of the chromatograms in Figure 9 and are listed
in Table 2.

Oxy and ferricRmFixLN each run as one band on the
native gel. OxyRmFixLN migrates faster on the native gel
than its met counterpart. While this could be due either to
differing oxy and metRmFixLN conformations or to the
presence of protein oligomers, the corresponding gel per-
meation data in Figure 9A suggest that the difference is due
to dimerization of the HS met form.

The kinase-inactive oxyRmFixL* migrates on the native
gel as a single band (Figure 9C). However, two bands are
observed for kinase-active metRmFixL*. These two bands
are consistent with the high-molecular weight metRmFixL*
oligomers observed by HPLC. The slowly migrating band
corresponding to the 9-mer is substantially smaller than the
more rapidly migrating band of the tetramer; this is probably

the result of the long run time of the gel which favors
dissociation of protein oligomers. The same set of bands was
revealed with Commassie blue and DMB staining. SDS-

FIGURE 8: (A) ∆A440 for the fast (9) and slow (O) RmFixL* -CO
recombination phases at various photolysis pulse repetition rates.
∆A440 for each phase was obtained from the two-term exponential
fit of the TA data at a given repetition rate. The black triangles
represent the total∆A440. [RmFixL*] ) 60 µM, andPCO ) 1 atm.
The 3 ns, 532 nm laser pulse energy was 20 mJ at the sample. (B)
Photolysis pulse repetition rate data for the fast phase plotted as
∆A440 vs photolysis recycle time to determine the rate of reappear-
ance of equilibrium of (RmFixL* -CO)2 after photolysis. The solid
line represents a single-term exponential fit to the data.

FIGURE 9: Speciation ofRmFixL derivatives in their oxy and met
forms. HPLC gel filtration traces for (A)RmFixLN and (B)
RmFixL*. The data were calibrated as described in Materials and
Methods. (C) Native gel showing metRmFixL* (C.1) and oxyRm-
FixL* (C.2). The C.2 lane shows some metRmFixL* due to
autoxidation during the electrophoresis run. The gel was stained
with DMB to show positions of heme-containing proteins.

Table 2: RmFixLN and RmFixL* Oligomer Populations

protein forma
kinase
activity

predicted
molecular

mass (kDa)b

observed
molecular

mass (kDa)
(% form observed)c

RmFixLN HS, met none 16.1 27.6 (100)
LS, oxy none 16.1 17.7 (100)

RmFixL* HS, met active 42.8 42 (8)
96 (9)

186 (53)
376 (30)

LS, oxy inactive 42.8 42 (17)
96 (62)

186 (12)
376 (9)

a Met derivatives were obtained by autoxidation of oxyRmFixLs.
Oxy forms were prepared by exposure of deoxy to O2 in the presence
of â-mercaptoethanol which helps stabilize the oxy adducts (6). b From
ref 2. c Populations were derived from integration of HPLC gel filtration
traces.
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PAGE gels verified that there are no detectable protein
impurities in the sample. Hence, all oligomers contain only
heme-loadedRmFixL*. The gel permeation and native gel
data support three conclusions. (1) When the heme in
RmFixL* is 6-c LS (kinase inactive), the protein is primarily
dimeric. (2) The dimeric form ofRmFixL* is converted to
tetrameric and larger oligomers when its strong-field ligand
is removed. (3) The lack of highly associated protein in
metRmFixLN suggests that stabilization of the oligomers
larger than a dimer involves the kinase domain. These data
do not support conclusions relating to the physiological
relevance ofRmFixL* dimers, tetramers, and 9-mers. How-
ever, the dependence of their relative populations upon heme
ligation and spin state is relevant to the interpretation of the
CO recombination results reported here.

Since this study involves the CO adducts rather than the
oxy form of RmFixL*, it was important to know whether
the CO adduct also forms oligomers. Running the chromato-
graphic experiments anaerobically in the presence of saturat-
ing [CO] was not technically feasible with the facilities at
hand. However, we have shown that theRmFixL* -CO
adduct and oxyRmFixL* are held back to the same extent
by a YM100 ultrafiltration membrane. This was determined
by SDS-PAGE analysis of the respective filtrates (data not
shown). The similarity in their ultrafiltration behavior
suggests that theRmFixL* -CO adduct and oxyRmFixL*
have similar molecular weight distributions.

Model for RmFixL-CO Recombination. Scheme 1 shows
the proposed model for biphasic CO recombination with
RmFixL*. In this discussion,RmFixL* indicates the deoxy
protein and the rate constant subscripts refer to the corre-
sponding mechanistic steps illustrated in Scheme 1. The 6-c
LS CO-bound protein is proposed to be a dimer at equilib-
rium, (RmFixL* -CO)2, as discussed above.

Scheme 1 shows that immediately after photolysis at
repetition rates ofe1 Hz (indicated byhνslow in Scheme 1),
a nonequilibrium population of the geminate pair, (RmFixL*/
CO)2, is established. The geminate pair relaxes via two
competing pathways, geminate recombination (k-1) to give
(RmFixL* -CO)2 and escape of CO from the heme pocket
(k2) to yield (RmFixL*) 2. Even though geminate recombina-
tion is not observed on the time scale investigated here, it is
evidenced by the moderate yield (30%) of total second-order
CO recombination. The nonequilibrium population of (Rm-
FixL*) 2 has its heme-kinase interface in the ligated (kinase-
inactive) conformation, which also relaxes by two pathways.
One is direct CO recombination, whose rate is limited by

re-entry of CO into the heme pocket (k-2). The sequence of
events is the same up to this point forRmFixLN and
RmFixL*. Scheme 2, which illustrates CO recombination to
RmFixLN, comprises a subset of the steps in Scheme 1.
Similarity in both the second-order recombination yields and
the direct CO recombination rate constants suggests that the
kinase domain has only a slight influence on the rates of the
mechanistic steps just described. However, the kinase domain
causes theRmFixL* and RmFixLN mechanisms to diverge
at this point. At a rate competitive with direct CO recom-
bination (k3), the presence of the kinase causes the heme-
kinase domain interface to lock into an intermediate con-
formation, (RmFixL*) 2

†, which measurably slows (raises the
barrier to) CO recombination (k4). Since the photolysis-
recombination cycle starts from the dimer, (RmFixL* -CO)2,
and since conversion to (RmFixL*) 2

† is independent of
[RmFixL*], the interconversion is concluded to be first-order
in [RmFixL*]. Furthermore, for reasons explained below, it
is concluded to be an intradimer conformational transition.

The kinase-dependent conformational transition is hypoth-
esized to be a hemef kinase signal transmission event. As
such, it may be the prelude to clustering of dimers into larger
equilibrium 5-c HS oligomers (Figure 9) that would form if
CO were not present to reverse progress along the clustering
pathway by rebinding to the heme.

The rate of reversal of this putative signal transduction
pathway is revealed in the dependence of∆Afast (due to CO
recombination withI) on photolysis repetition rate. With high
repetition rates, there is insufficient time for (RmFixL* -
CO)2† to relax to its equilibrium form, (RmFixL* -CO)2, and
a buildup of (RmFixL* -CO)2† is observed. Subsequent
photolysis at a high repetition rate (indicated byhνfast in
Scheme 1) produces (RmFixL*) 2

† directly, and at repetition
rates ofg7 Hz, only recombination to (RmFixL*) 2

† was
observed, as evidenced by its temperature-compensatedk′obs.
Given thatk-3 is small relative tok4, photolysis of (Rm-
FixL* -CO)2 is the only means of producing significant
amounts ofI . Hence, the rate of change in∆Afast with
increasing recycle time (Figure 8B) reports the rate at which
(RmFixL* -CO)2 is repopulated by relaxation of (RmFixL* -
CO)2† (k6). This relaxation rate constant (k6) was estimated
by fitting ∆Afast versus recycle time to a single-term
exponential function (Table 1). This rate constant is inde-
pendent of [RmFixL*] (data not shown), indicating that
relaxation of the species formulated as (RmFixL* -CO)2† in
Scheme 1 is an intraspecies process. In other words, the
transformation ofI to II (k3) cannot be a dimer dissociation,
which is not surprising given that equilibrium chromatog-
raphy shows that solutions of unligated forms ofRmFixL*
comprise higher molecular weight oligomers than their
ligated counterparts (Figure 9). Since the conversion ofI to
II is first-order inRmFixL* and does not produce monomers,
we conclude it is an intradimer conformational transition.

In this discussion of the mechanism illustrated in Scheme
1, it is assumed that recombination of the geminate pair,
(RmFixL*/CO)2

† (k5), is much faster than entry of CO into
the heme pocket of (RmFixL*) 2

† (k4). Under this assumption,

Scheme 1: Model for CO Recombination withRmFixL* Scheme 2: Model for CO Recombination withRmFixLN
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the rate of (RmFixL* -CO)2† formation is limited by forma-
tion of the geminate pair.

Although there is no evidence for cooperative CO binding,
the dimeric nature of theRmFixL* -CO adduct presents the
possibility for cooperativity. Hence, we needed to determine
whether the slow phase was a quaternary-type transition
between the constituentRmFixL* monomers of (RmFixL*) 2.
This was accomplished by assessing the CO recombination
with nonsaturating photolysis pulse energies. Under these
conditions,RmFixL* still exhibited biphasic kinetics with
the same rate constants observed with saturating photolysis
energies. This suggests that neither recombination phase can
be attributed to communication between hemes of different
RmFixL* molecules and is consistent with a lack of coop-
erativity in CO binding.

Scheme 2 shows the model for CO rebinding toRmFixLN.
On the basis of rate constants, the recombination of CO with
RmFixLN is similar to that for the fast phase of (RmFixL*) 2.
After photolysis of theRmFixLN heme, the Fe(II) center
becomes 5-c and HS. Although gel filtration and dynamic
light scattering studies (8) indicate that the 5-c HSRmFixL
heme domain is dimeric, the CO recombination kinetics
model does not require a dimerization step. This suggests
thatRmFixLN does not dimerize at a rate competitive with
CO rebinding to the monomer.

DISCUSSION

Single-phase CO recombination kinetics have been re-
ported previously forRmFixLT (a different heme-kinase
construct) andRmFixLH (a different heme domain construct)
(21). The reported rate constants (kon ) 1.2 × 104 and 1.7
× 104 M-1 s-1, respectively) are similar to those reported
here forRmFixL* and RmFixLN. It is not clear why two
rebinding phases were not observed forRmFixLT in the
earlier study. Given that the recombination is slow, it is
possible that∆A was not monitored for a sufficient length
of time to measure the change in rebinding rate reported here
for RmFixL*. Another possible explanation is that CO
photolysis was carried out at a repetition rate of 10 Hz where
many Q-switched Nd:YAG lasers operate. As shown above,
only one phase is observed at 10 Hz (Figure 6). Though it
seems unlikely, the possibility that the second recombination
phase is unique to theRmFixL* construct cannot be
eliminated at this point.

Slow ligand binding toRmFixL relative to hemoglobin A
(HbA) and other heme proteins is one of its hallmarks (7,
21). Additionally, the results reported here set it apart from
HbA in yet another respect. Whereas the HbA quaternary R
f T transition occurs with a lifetime (τ ) k-1) of only 20
µs (22), the putative heme kinase signaling transition reported
here forRmFixL* occurs more than 3 orders of magnitude
slower with a lifetime of 50 ms. Since the structure of the
kinase domain has not been reported, it is difficult to
rationalize this large difference in detailed structural terms.
However, given that the only significant protein conforma-
tional change between liganded and unliganded forms of the
BjFixL heme domain occurs in the flexible FG loop, perhaps
the flexibility of the loop plays an important role in
determining the rate of signal transmission by virtue of
having the flexibility to sample a large conformational space.
If the loop is sufficiently flexible to have many nearly-

degenerate conformations, the time required to search the
conformational space accessible by the loop could have the
effect of slowing the transition.

The differences in the CO recombination kinetics of
RmFixLN and RmFixL* indicate that heme ligand binding
and release are energetically coupled to the conformation of
the kinase domain. Moreover, the conformational intercon-
version between (RmFixL*) 2 and (RmFixL*) 2

† alters the rate
of CO binding to the heme. We propose that (RmFixL*) 2

†

is a switching intermediate whose formation requires an
interdomain conformational transition. We further postulate
that this conformation (II ) disposes HS (RmFixL*) 2 toward
formation of the tetrameric and higher oligomers that are
present at equilibrium. Even if more extensively aggregated
forms of HSRmFixL* are not physiologically relevant, they
are converted to (RmFixL*) 2 upon binding of O2 and
probably upon binding of CO. At the very least, this suggests
conformational differences between activated and inhibited
RmFixL* that result in different surface interactions between
RmFixL* units. Since these protein-protein interactions are
modulated by the same heme parameters as kinase activity,
namely, coordination number and spin state, the possibility
that such interactions are mechanistically relevant cannot be
discounted.

The oligomers of metRmFixL* (and ostensibly, deoxyRm-
FixL*) may be physiologically important. Evidence from a
number of two-component regulatory systems comprising
histidine kinases homologous with the kinase domain of
RmFixL supports signal transduction mechanisms involving
dimerization and cross phosphorylation (23-26). It is
noteworthy that inRmFixL, the O2 receptor and histidine
kinase functions are harbored by the same protein. Studies
of the aspartate and serine receptors in chemotaxis indicate
that these membrane-bound receptors exist as dimers and
form complexes with the histidine kinase, CheA (26-28).
Numerous models for clustering of these dimeric receptors
to communicate the binding of an effector ligand to a larger
array of receptor molecules have been proposed (30-32).
In vitro receptor cytoplasmic domain fragments form higher-
order oligomers (33, 34). The cytoplasmic domain of the
serine receptor forms a trimer of dimers in solution. However,
the occurrence of this oligomerization in the membrane-
bound receptor has not been demonstrated (27). Data for the
aspartate receptor indicate that interactions between a number
of coupled receptor dimers can account for the limited
cooperativity observed in the attractant-response curve (35).
Receptor clustering has also been suggested for tyrosine
kinase-linked receptors (36), suggesting that clustering may
be a recurring feature in receptor signaling systems.

Reports of varying extents ofRmFixL heme domain
aggregation have appeared in the literature. On the basis of
dynamic light scattering measurements and crystallography,
Miyatake and co-workers (8) have reported that the heme
domain ofRmFixL is dimeric when the heme is in its ferric
and deoxy states. Using gel filtration to estimate molecular
masses, it has been reported that the heme domain ofRmFixL
is monomeric (21). Our observation of dimeric metRmFixLN
and monomeric oxyRmFixLN in gel permeation chromatog-
raphy experiments shows that the extent ofRmFixLN
association depends on the ligation state of the heme.

Crystals of the dimericRmFixL heme domain are report-
edly reduced by soaking in sodium dithionite. However,
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exposure of the ferric crystals to heme ligands such as O2,
CO, and CN- caused the crystals to dissolve (13). Based
upon the sensitivity ofRmFixLN association to the state of
the heme, the following explanation is proposed. In the ferric
form, the protein is in the kinase-activating conformation.
Reduction of the heme leaves the heme domain in this active
conformation. No conformational change or dissociation
ensues; hence, the crystals remain intact. Conversion to a
kinase-inactivating 6-c LS heme form causes a change in
protein conformation that favors dissociation of heme domain
dimers, resulting in dissolution of the crystals.

The extent ofRmFixL* association also depends on the
heme state. When the heme is O2-bound, the protein is
dimeric, (oxyRmFixL*) 2. This dimeric oxy form is supported
by the data presented here and by a previously reported gel
permeation chromatography experiment whereinRmFixL*
was kept in 10 mMâ-mercaptoethanol (21), which stabilizes
the oxy form. The HPLC gel permeation data presented here
indicate that a kinase-activating metRmFixL* form exists
largely as (metRmFixL*) 4. This is consistent with the
dynamic light scattering measurements on the met heme-
kinase protein which showed a broad distribution of molec-
ular mass (17), suggesting the presence of oligomers in
solution. Since both metRmFixL and deoxyRmFixL are
kinase active, it is likely that deoxyRmFixL* and metRm-
FixL* exhibit similar molecular weight distributions in
solution. Native gels of cell extracts containingRmFixL*
have been reported to exhibit two bands. Once the protein
was purified, only one band was observed (2). By the end
of the purification process, especially if the protein is kept
in â-mercaptoethanol, the heme is predominantly in its oxy
form. This is consistent with the native gel reported here
(Figure 9C).

Signal Transduction Model. When the kinetic and equi-
librium data presented here are considered with previous
structural and spectroscopic characterization ofRmFixL, the
following sequence of signal transduction events emerges
for activation of the kinase domain: (1) release of O2 from
LS oxyRmFixL yields HS 5-c deoxyRmFixL (2, 4), (2)
kinase-independent translocation of the heme iron toward
the proximal His releases tension on the Fe-His bond (11),
(3) interdomain protein conformational change occurs in
response to relaxation of both proximal Fe-His tension and
steric interactions with the ligand in the distal heme pocket
(7, 9, 15, 16), (4) oligomerization ofRmFixL in response to
the ligand-coupled protein conformational change possibly
brings kinase domains into sufficiently close contact for cross
phosphorylation, and (5) reaction of the kinase with ATP to
phosphorylate His285 (37).
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APPENDIX

Derivation of the relationship betweenkobs, kon, andkoff

for second-order CO recombination.

where

or, at equilibrium

and in keeping with conservation of mass

The rate of disappearance of FixL can be expressed as

rearranging conservation of mass expression:

now substitute eq A7 into eq A6

Since [FixL]∞ (equilibrium [deoxyFixL]) is very small

where
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