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ABSTRACT: Bradyrhizobium japonicumFixL is a modular oxygen sensor that directs adaptations to hypoxia
by coupling the status of a heme-binding domain to a histidine-protein kinase activity. The oxygen-
bound form is the “off-state”. The unliganded form is the “on-state” active kinase that phosphorylates a
transcription factor, FixJ. We have developed methods to optimize the kinase reactions of FixL and measure
the turnover rates (kcat) for reactions catalyzed by highly inhibited states of this sensor at constant, precisely
known oxygen saturations. The resulting oxygen dose-response curve shows that an in vitro system with
FixL and the response regulator FixJ as its only proteins manifests such a sharp ligand response that,
when the proportion of deoxy-FixL decreases less than 3-fold, the kinase activity drops over 50-fold, and
by the time the deoxy-FixL declines just 8-fold, the activity is inhibited over 1100-fold. This response is
entirely reversible and similar to that reported for the in vivo hypoxic induction of FixLJ-regulated genes.
FixL binds oxygen noncooperatively. When complexed with FixJ, FixL is dimeric in both oxy and deoxy
states. Therefore traditional models involving cooperative binding of ligand or robust allosteric regulation
cannot account for the extremely nonlinear kinase response to the heme saturation. This response, however,
can be explained by a form of enzyme hysteresis with the simple assumptions that (i) on association of
oxygen with the heme, the kinase is rapidly switched off; (ii) after dissociation of oxygen, the kinase
remains inhibited longer than the average time that it takes a deoxy-heme to encounter an oxygen molecule
at most oxygen saturations.

The FixL protein provides a prototype for signal trans-
duction in response to small molecules, such as diatomic
gases (1). In this homodimeric and modular sensor an O2-
detecting heme-binding domain controls a protein-histidine-
kinase region (1-3). The unliganded form of FixL transfers
theγ-phosphoryl group from ATP to an aspartyl side chain
in the transcription factor FixJ, and binding of O2 to the heme
reversibly switches off the FixL kinase activity (3-8). When
phosphorylated, FixJ activates the transcription of target
genes essential to hypoxic processes, such as respiration in
low O2 and rhizobial nitrogen fixation (9-18). The mech-
anism of kinase regulation by O2 is not fully understood,
but O2 is known to inhibit the formation of a reaction
intermediate in which the FixL enzyme is phosphorylated
(3-6). Binding of O2 does not reduce the affinity of FixL
for either its ATP or FixJ substrate, nor does it affect the
oligomeric state of FixL, or cause either FixL or FixJ to
become dephosphorylated (5, 6).

As a sensory kinase, FixL is unusual in having a well-
known regulatory ligand, well-established kinetic and equi-
librium parameters (kon, koff, andKd) for ligand binding, and
a measurable kinase response to ligand regulation. TheKd

values of 140µM measured for binding of O2 to BjFixL1

and 50µM for binding to RmFixL are consistent with the
O2 tensions at which these two proteins switch on the genes
they control inBradyrhizobium japonicumandSinorhizobium
meliloti, respectively (19). On the other hand, the noncoop-
erative binding of O2 to all FixL proteins should cause a
very gradual increase in saturation with rising O2 tensions,
and this is inconsistent with the reported sharp physiological
responses caused by these proteins (20, 21). In air, BjFixL
would be expected to retain over one-third of its activity if
the kinase activity were simply proportional to the deoxy
fraction of protein. The maximum possible allosteric effect
would result if a single O2 molecule would switch off a FixL
dimer, so that “oxy-deoxy” as well as “oxy-oxy” dimers
would be inactive. Even if the “deoxy-deoxy” FixL dimers
were the only species to remain active, however,BjFixL in
air would possess 13% of its anaerobic activity. By contrast
to these predictions from ligand binding, in vivo a quite low
basal activity is noted for target promoters in air, and a sharp,
more than 30-fold rise is observed in the expression of FixLJ-
regulated genes as the O2 tensions drop to near theKd value
for binding of O2 (20, 21).
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On exposure to O2, ferrous FixL (FeII) is oxidized rapidly to
the ferric (FeIII ) state, and this oxidation accelerates at lower
saturations with O2 (19, 22). Second, FixL, like other sensory
histidine kinases, naturally possesses a rather low enzymatic
activity. The purpose of a metabolic kinase, e.g., phospho-
fructokinase, is maximal turnover of a substrate, whereas
that of a signaling kinase such as FixL is to phosphorylate
relatively few molecules of a transcription factor at precisely
controlled rates. This feature presented a challenge to
measuring the activities of inhibited states, although it agrees
with FixL’s function as a signaling enzyme. Herein we
examine the O2 dose response of FixL in a well-defined
biochemical system in vitro, and we present the methods
for protecting FixL from oxidation and for optimizing the
enzymatic activity that enabled those measurements. We
formulate a simple model to explain this response based on
measurable characteristics of FixL and only one fitted
parameter.

MATERIALS AND METHODS

Gene Expression and Protein Purifications.The proce-
dures for overexpressing theBjfixL and BjfixJ genes and
purifying the corresponding proteins have been described
(19).

Preparation of Deoxy-FixL.Homogeneous deoxy-FixL
was prepared by reducing a degassed and concentrated stock
of the protein with 10 mM DTT for more than 10 min inside
an anaerobic chamber (Coy Laboratory Products, Inc.) while
monitoring the 350-700 nm absorption with a UV-vis
spectrophotometer (Cary 4000, Varian). Subsequent assays
of the deoxy state were done in the anaerobic chamber.

Preparation of Carbonmonoxy-FixL and Measurement of
CO Affinity. To prepare carbonmonoxy-FixL, the deoxy
protein described above was diluted 10-fold with CO-
saturated TKE buffer [50 mM Tris-HCl, 50 mM KCl, 5.0%
(v/v) ethylene glycol, pH 8.0] inside an anaerobic chamber,
and the 350-700 nm absorption was monitored. For
determinations of affinity, the deoxy-FixL in a stoppered
cuvette was titrated with 0, 1.2, 2.4, 4.8, 9.5, and 32µM
CO in TKE buffer, at 25°C inside the anaerobic chamber.
The Kd value for binding of CO under phosphorylation-
assay conditions was determined from saturation changes
calculated by multiple linear regression analysis of whole
spectra.

Stable 12% to 64% O2 Saturation of Ferrous FixL.Binding
of CO to ferrous FixL protects the heme center from
oxidation and has little effect on the FixL kinase activity.
Taking advantage of these desirable properties of CO, we
prepared our fractionally saturated oxy-FixL in O2/CO
mixtures. Specifically, ferrous FixL was mixed with 24µM
CO in TKE buffer containing 1.0 mM DTT. Oxygen-
saturated TKE buffer was added to this mixture to yield
final O2 concentrations of 200, 600, and 940µM, which
corresponded to 12%, 28%, and 38% saturation with O2,
respectively, with the balance consisting principally of
carbonmonoxy-FixL. The saturation of FixL with O2 and CO
in these mixtures, verified by multiple linear regression
analysis of whole 350-700 nm absorption spectra, agreed
with the calculations of theKd(CO) under assay conditions.
An example of such an analysis is shown in Figure 1. No
oxidation was detected for over 45 min.

As a validation of our use of O2/CO mixtures, we
compared the activities of 64% O2-saturatedBjFixL prepared
in air to 64% O2-saturatedBjFixL prepared in a background
of CO. A slightly slower turnover in the O2/CO mixture
compared to air (O2/N2) could be entirely attributed, within
the experimental error, to the slightly lower activity of
carbonmonoxy-BjFixL compared to the deoxy form (see
Results).

Stable Equilibration of Ferrous FixL with 1 atm of O2.
Deoxy-FixL in TKE buffer containing 10 mM DTT was
gently and continuously mixed with pure O2. During the
phosphorylations in 1 atm of O2, a stream of pure O2 was
maintained perpendicularly over the reaction mixture inside
a container. From the 350-700 nm absorption spectra
routinely collected throughout the reaction, oxidation was
insignificant for over 30 min.

Assays of Phosphorylation.These assays determined the
rates of conversion ofBjFixJ to phospho-BjFixJ by deoxy-,
oxy-, or carbonmonoxy-BjFixL, or mixtures of these species.
Before and after every assay, the heme state was verified
from the 350-700 nm absorption spectra of the reaction
mixture to ensure that it was unchanged. The reactions were
at 23°C and contained 1µM FixL, 25 µM FixJ, and 1 mM
ATP/MgCl2 in “phosphorylation buffer” [i.e., unlabeled ATP
from Sigma andγ-(32P)-ATP from Amersham Pharmacia
Biotech, of specific activity 0.42 Ci/mmol, in 50 mM Tris-
HCl, 50 mM KCl, 5% (v/v) ethylene glycol, 50µM MnCl2,
pH 8.0]. Under these conditions, where FixL is complexed
with FixJ, the FixL is dimeric in unliganded as well as
liganded states. Reactions were begun by introducing the
ATP and stopped at 1.0, 2.5, 5.0, 10, 20, and 30 min by
mixing 10 µL aliquots of the reaction mixtures with one-
third volume of “stop buffer” [40 mM EDTA, 4% (w/v)
sodium dodecyl sulfate, 0.50 M Tris-HCl, 0.20 M NaCl, 50%
(v/v) glycerol, and 2% (v/v)â-mercaptoethanol, pH 6.8]. The
products were electrophoresed on 15% (w/v) polyacrylamide
gels (23). The levels of phosphorylated protein in the dried
gels were quantified with a phosphorimager (Bio-Rad
Personal Molecular Imager FX).

FIGURE 1: Determination of FixL saturation with O2 in defined
mixtures of O2 and CO at pH 8.0 and 25°C. Example of the analysis
of oxy- and carbonmonoxy-BjFixL mixtures that result from
adding O2 and CO to ferrousBjFixL. Here, a mixture of 1.2 mM
O2 and 21 µM CO results in 58% carbonmonoxy-BjFixL and
42% oxy-BjFixL (true spectrum, blue), as determined from a
linear combination of the absorption spectra (calculated spec-
trum, red) of pure carbonmonoxy-FixL (orange) and pure oxy-FixL
(black). In addition toBjFixL, the mixture contained 25µM
BjFixJ, 1.0 mM ATP/MgCl2, 50 µM MnCl2, 50 mM Tris-HCl,
50 mM KCl, 5.0% (v/v) ethylene glycol, and 1.0 mM DTT at pH
8.0.
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RESULTS

Controlling the O2 Saturation during ActiVity Measure-
ments.We used two approaches to circumvent the oxidation
of FixL during exposure to O2. At or above air saturation, a
continuous reservoir of gas was supplied together with a mild
reducing agent (e.g., 10 mM DTT) to prevent changes in
the heme-iron saturation and oxidation state (Figure 2). At
O2 tensions below the air saturation, for which the reactions
required sealed atmospheres, oxidation was prevented by
substituting carbonmonoxy-BjFixL for deoxy-BjFixL as the
active protein fraction. Although CO does slightly inhibit
BjFixL, the kinase activity of the ferrous FixL in CO
solutions is linear with respect to the saturation with CO.
The turnover rate (kcat) is 1.1 min-1 for the carbonmonoxy
fraction (70% of the activity of the deoxy form) regardless
of the varying saturations of the preparations (Figure 3A).

Our analysis of FixL in O2/CO mixtures therefore treats the
carbonmonoxy-FixL as a slightly less active deoxy species.

Verifying a Stable O2 Saturation throughout a Reaction.
The heme-state stability was routinely verified by recording
an absorption spectrum at the start of each reaction, “zeroing”
the spectrophotometer on this mixture, and collecting dif-
ference spectra over the reaction time course (∼30 min for
low-activity states). For example, the absence of anything
but noise from the insets to Figure 2 shows that, forBjFixL
exposed to air or pure O2, no change occurred during at least
30 min in the O2 concentration, in the O2 affinity due to
reactants or reaction products, or in the oxidation state.
Deconvolution of the spectra ofBjFixL in the phosphory-
lation assay mixtures showed this protein to be 64% saturated
with O2 while in air and 88% saturated when in 1 atm of
O2. These are the saturations expected from the published
Kd value for binding of O2 to BjFixL (19). Although the
current study treatsBjFixL, we also examinedRmFixL and
found its affinity for O2 to be likewise unaffected by the
phosphorylation reaction components and products (see
Discussion).

To ensure that the proportion of oxy-FixL remained
constant during the reaction time courses done in mixtures

FIGURE 2: Stable saturation of FixL with O2 in air or pure O2 under
reaction conditions. Panel A shows the absorption spectra of 1.2
µM BjFixL before (solid black curve) and 30 min after (solid gray
curve) mixing the deoxy form with an O2-saturated buffer having
all the reaction components at pH 8.0 and 25°C; a synthetic
spectrum of 12% deoxy- and 88% oxy-FixL is also shown (dashed
black curve). Panel B shows the absorption spectra of 1.2µM
BjFixL before (solid black curve) and after (solid gray curve) mixing
the deoxy form with an air-saturated buffer containing the same
reaction components; a synthetic spectrum of 36% deoxy and 64%
oxy-FixL is also shown (dashed black curve). The insets show a
6-fold expansion of the 470-700 nm region and the difference
obtained on subtracting spectra of O2-exposedBjFixL recorded at
a 30 min interval (dashed gray curve). In addition toBjFixL, the
reaction mixtures contained 25µM BjFixJ, 1.0 mM ATP/MgCl2,
50 µM MnCl2, 50 mM Tris-HCl pH 8.0, 50 mM KCl, 5.0% (v/v)
ethylene glycol, and 10 mM DTT in vessels open to a continuous
reservoir of O2 in panel A, or air in panel B. SinceBjFixL is not
saturable at atmospheric pressure but shows spectra identical to
RmFixL in partially saturated mixtures, the oxy-BjFixL basis
spectrum was estimated by normalizing spectra of pure deoxy-
BjFixL with deoxy-RmFixL and converting the deoxy-RmFixL
sample to the oxy state.RmFixL is 96% saturated in pure O2 and
therefore serves as an acceptable approximation to the oxy-BjFixL
spectrum, with the true O2 saturations being only slightly lower
than those calculated by spectral deconvolution.

FIGURE 3: Binding of CO to FixL under assay conditions and
influence of CO on the kinase activity. Panel A shows the turnover
of BjFixJ (25µM) to phospho-BjFixJ by 0%, 27%, 53%, 78%, and
100% CO-saturatedBjFixL (1 µM) at pH 8.0 and 23°C. Initial
rates were obtained by fitting to a single exponential phosphory-
lation curves (R2 > 0.988) having 0, 1.0, 2.5, 5.0, 10, 20, and 30
min time points. The reportedkcat/kcat deoxy percent (or relative
turnover percent) represents these initial rates of turnover divided
by the value measured for the deoxy form. Note the linear trend
and relatively poor inhibition by CO, with 70% activity remaining
for the fully saturated protein. Panel B shows the titration ofBjFixL
(0.5 µM) with 0, 1.2, 2.4, 4.8, 9.5, and 32µM CO at pH 8.0 and
25 °C. The dashed line shows a fit to a quadratic single binding
site equation (R2 ) 0.9927); the inset shows the 400-500 nm
absorption changes on conversion of the deoxy form (λmax ) 434
nm) to the carbonmonoxy form (λmax ) 425 nm). Additional buffer
components were 1.0 mM ATP/MgCl2, 50µM MnCl2, 50 mM Tris-
HCl pH 8.0, 50 mM KCl, 5.0% (v/v) ethylene glycol, and 10 mM
DTT.
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of O2 and CO, absorption spectra were collected for the assay
mixtures at the start and end of the experiments and
compared, as above. The proportions of oxy- and carbon-
monoxy-protein in the assay mixtures were quantified by
multiple linear regression analyses of whole spectra, as
shown in the example in Figure 1. The CO affinity (Kd )
2.1µM) of BjFixL under the enzymatic assay conditions was
entirely consistent with the proportions of oxy and carbon-
monoxy protein directly observed in defined concentrations
of O2 and CO (Figure 3B).

A QuantitatiVe Measure of FixL Regulation.Here we
report the phosphorylation activities of all FixL species as
their turnover rates, orkcat.

These rates represent the number of FixJ molecules that one
molecule of a specified form of FixL can convert to phospho-
FixJ per minute, while the FixL is saturated with both of its
substrates, FixJ and ATP. Such an analysis required a large
excess of both substrates (25-fold excess of FixJ and 500-
fold excess of ATP were supplied), so that the saturation of
the enzyme-substrate complex would not change during the
part of the reaction time course on which rates were based.
All turnover rates were determined at steady state, i.e., when
the rate of FixJ phosphorylation matched the rate at which
the phospho-FixL intermediate was replenished. For inhibited
states of FixL, there can be a lag while the enzyme
intermediates are building up. For the most active species,
there can be a relatively early deceleration of the reaction
rate due to rapid depletion of substrate. Therefore it was
essential to collect complete time courses and to base the
rates only on the portion of each time course where product
was accumulating at a constant rate. For quantitative model-
ing of enzyme reaction mechanisms, there is no substitute
for the turnover rates. To our knowledge, very few sensor
kinases have been assayed under conditions that allow their
activities to be reported askcat values.

QuantitatiVe Enzymatic Phosphorylation of FixJ.Under
the present assay conditions akcat of 1.5 min-1 was
determined for the deoxy-BjFixL, and akcat of 1.1 min-1 for
the carbonmonoxy form (Figure 4). In a previous study of

the activities of differentBjFixL states, thekcat values were
reported to be 0.43 min-1 (26 h-1) for the deoxy state and
0.10 min-1 (8.2 h-1) for the carbonmonoxy state (7). The
difference is due principally to the use of aBjFixJ substrate
in the current experiment and aRmFixJ substrate in the
previous study. An additional improvement was achieved
by supplying MgII at physiological levels together with the
MnII used previously. The use of MgII alone will not
substitute for MnII, and interestingly, the ideal combination
of divalent cations for the reaction mimics the reported
concentrations of these cations in symbiotic root nodules
(24). Under the new conditions, the reaction proceeded until
all the FixJ was phosphorylated (Figure 4A, closed circles).
To our knowledge, this represents the first instance of the

FIGURE 4: Comparison of the activities of FixL under nitrogen, air, and oxygen at pH 8.0 at 23°C. Reactions of 1µM BjFixL with 25 µM
BjFixJ and 1 mMγ-[32P]-labeled ATP were carried out at 23°C in a chamber with an atmosphere of pure nitrogen (panel A, closed
circles), in air (panels A and B, squares), or in a container supplied with a continuously flowing atmosphere of pure O2 (panels A and B
open circles, and labeled O2 in panel B). The anaerobic activity was calculated by fitting the whole curve to a first-order kinetics equation
and taking the initial rate to be the initial linear phase of the curve (panel A, gray line). For closer inspection of the results in air and pure
O2, a 10-fold expansion of the ordinate is provided together with the autoradiograph of a time course under O2 (panel B). Additional
components of the reaction mixture were 50 mM Tris-HCl, 50 mM KCl, 1.0 mM MgCl2, 50 µM MnCl2, 5.0% (v/v) ethylene glycol, and
10 mM DTT at pH 8.0. Reactions time points were 1.0, 2.5, 5.0, 10, 20, and 30 min. Note that the reactions contained 200 pmol ofBjFixJ,
one-half of which was phosphorylated at equilibrium (panel A, closed circles). The higher background in the gel of reactions done under
O2 (panel B) results from the requirement of a longer exposure to show the linear phase of reaction for the∼1000-fold less active protein.

turnover: FixJ+ ATP [\]
FixL

P-FixJ+ ADP

FIGURE 5: Correspondence to the in vitro O2 regulation data for
FixL to models of regulation and previous in vivo results. The
relative turnovers (orkcat/kcat deoxy percent) ofBjFixJ at 12%, 28%,
38%, and 64% of O2 saturation in a background of CO, at 64% of
O2 saturation in air, and at 88% of O2 saturation in 1 atm of O2 are
shown (circles); 64% of O2 saturation achieved in a background of
CO is also shown (triangle), and the zero saturation, i.e., deoxy-
FixL, is implied in the figure but not shown. The data from the in
vivo induction of afixK2:lacZ fusion byBjFixLJ after 24 h (squares)
are from Fischer, Hennecke, and colleagues (20). To compare the
in vitro turnover and in vivoâ-galactosidase data, the ordinates
were adjusted proportionally to the data points around 10-12% of
O2 saturation. The in vitro data fit well to a “memory effect” model
with kia ∼ 0.53 s-1, i.e., Trec ∼ 1.9 s (solid black curve; see eqs 1
and 1a). This is contrasted to the fits that would be expected if the
activity were proportional to the fraction of FixL subunits not bound
to O2 (gray line), or if the activity were proportional to the fraction
of FixL dimers not bound to O2 (dashed curve).
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quantitative enzymatic phosphorylation of a response regula-
tor of the two-component class by its cognate kinase. As
shown in Figure 4A, equilibrium was reached when the molar
ratio of radiolabeled phosphate to FixJ was about 1:2. This
resembles the level of phosphorylation achieved by reacting
FixJ with acetyl phosphate and indicates that only one
monomer is phosphorylated in the resulting FixJ dimers (25).
The phospho-FixJ formed under these reaction conditions
was quite stable, and there were no side reactions, such as
the generation of free phosphate (5).

An Inhibition That Is Robust and Disproportionate to the
Oxygen Saturation.Figure 5 shows the relative activity of
FixL as a function of the O2 saturation, with 100% activity
being defined as thekcat measured for 100% deoxy-FixL.
The raw phosphorylation data are provided as Supporting
Information. The enzymatic data (circles, triangle) do not
fit to models that show the relative activity expected if the
fraction of active protein were equal to the fraction of deoxy-
protein (gray line), and the relative activity expected if the
fraction of active protein were equal to the fraction of
“deoxy-deoxy” dimers (dashed curve). The data do fit to a
simple hysteretic “memory effect model” (solid black curve);
they also fit to the published in vivo O2 response ofB.
japonicumFixL/FixJ (squares). Therefore: (i) a simple in
vitro system containing only FixL and its FixJ and ATP
substrates can recapitulate the highly nonlinear response of
FixL-dependent gene expression in living rhizobia; (ii) of
the models shown, the simple memory-effect model best fits
the actual O2 response of FixL.

DISCUSSION

QuantitatiVe Enzymatic Phosphorylation of a Response
Regulator by Its Partner Sensor Kinase.We know of no
response regulator of the two-component class that has been
quantitatively phosphorylated by its cognate sensor kinase,
as shown in Figure 4 for FixJ. Apart from providing evidence
for quantitative phosphorylation, these data also imply the
absence of any competing phosphatase under the reaction
conditions. Researchers who need phosphorylated response
regulators typically generate them nonenzymatically by
reacting these proteins with phosphoryl donors such as acetyl
phosphate (26, 27). The phosphorylation of response regula-
tors by sensor kinases is widely believed to be accompanied
by a “phosphatase” reaction that removes the phosphoryl
group from the protein substrate nearly as fast as the kinase
can deliver it, limiting the enzymatic phosphorylation to less
than 10% of the total response regulator. Although in the
case of FixL there exists an early report of an oxygen-
dependent “phosphatase” activity, such an activity was
probably due to a phosphatase contamination and has not
been reproduced (28). As a rule, a phosphatase activity is
never seen in FixL under turnover conditions, unless this
protein is either contaminated or partially degraded (5). All
of the phosphorylation reactions reported here were verified,
by anion-exchange thin-layer chromatography, to generate
no free phosphate (5).

Nucleotides Do Not Affect the Oxygen Affinity of FixL.
Recently, the O2 affinity of RmFixLT in anRmFixLT/RmFixJ
complex was reported to drop to less than a third of its
normal value on exposure to 200µM ATP or ADP, and this
perceived effect of nucleotides on the O2 affinity was

interpreted as a mode of regulation (29). This observation,
however, had the more drastic implication that any attempts
to measure phosphorylation in air would result in uninter-
pretable reaction time courses, with the enzyme becoming
less oxygenated, and more active, as the reaction progressed.
This is clearly not the case. As a rule, a turnover reaction of
FixL easily fits to a single rate constant and, as expected,
the reaction slows later in the time course, as the substrates
are consumed and the products accumulate. Figures 2 and
6A show that the O2 saturation of FixL, whether fromB.
japonicumor S. meliloti, is unchanged by the addition of
nucleotides and other reaction components. Since the activity
of a heme-based sensor, by definition, depends on its heme
state, any activity measurement requires verifying the heme
state before and after a reaction. This is done principally to
guard against mishaps such as oxidation of the heme or
rupture of a seal. Our best guess as to the source of the
artifactual effect attributed to nucleotide is that O2 was
consumed by reducing agents in a cuvette poorly equilibrated
with gas, leading to O2 concentrations lower than those
assumed. An example of such a case is shown in Figure 6B.

A Sharp in Vitro Oxygen-Dose Response.The proportion
of BjFixL remaining in the deoxy state in air is 36%, and in
pure O2 is 12%. If a deoxy-subunit were as active in an
aerobic preparation ofBjFixL as in an anaerobic preparation,

FIGURE 6: Comparison of theRmFixL O2 saturation when well
equilibrated with air, versus when sealed in a cuvette after exposure
to air, at pH 8.0 and 25°C. In panel A,RmFixL in a phosphorylation
assay mixture was kept well equilibrated for 30 min in air; the true
absorption spectrum (gray) was found to correspond to a linear
combination of the absorption spectra of pure deoxy-FixL and pure
oxy-RmFixL giving 88% oxy and 12% deoxy (dashed black), as
expected from theKd for binding of O2. In panel B, a similar mixture
of RmFixL in phosphorylation buffer was sealed; the conversion
of the oxy form (λmax ) 417 nm) to the deoxy form (λmax ) 434
nm) was clear from the absorption spectra collected over time. The
inset shows the relatively rapid rate of the disappearance of the
oxy form, as determined from the absorbance difference,∆A, at
417 nm. In addition toRmFixL, the mixtures contained a 25-fold
excess ofRmFixJ, 1.0 mM ATP/MgCl2, 50 µM MnCl2, 50 mM
Tris-HCl, 50 mM KCl, 5.0% (v/v) ethylene glycol, and 10 mM
DTT at pH 8.0.
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then aerobicBjFixL should manifest about one-third of the
anaerobic activity, even without any contribution from the
O2-bound fraction. Likewise, in pure O2, BjFixL should retain
about one-tenth of its anaerobic activity. Such a model clearly
fails to explain why the observed turnover rates ofBjFixL
in air and 1 atm of O2 are only 2% and 0.08% of the
anaerobic activity, respectively (Figure 4).

There are two FixL subunits in the FixLJ complex, in the
deoxy as well as oxy states (4, 6). Therefore, an alternative
model worth considering is one in which the ligation of O2

to a single subunit suffices to inactivate a dimer. Even this
scenario, where the only active species are “deoxy:deoxy”
dimers, would allow about 13% of the activity to persist in
air. For 13% of these dimers to yield only 2% of the
anaerobic activity, they would have to be about 5-fold less
active than the same deoxy:deoxy dimers in an anaerobic
preparation. Thus one would have to surmise that, in
preparations of FixL exposed to O2, the O2 inhibits not only
the “oxy:oxy” and “oxy:deoxy” dimers to which it is bound,
but also most of the “deoxy:deoxy” dimers to which it is
not bound. What is the origin of theinactiVe deoxy-FixLin
aerobic solutions? A desire to understand this is what led us
to map the drop that occurs in the enzymatic activity for
increasing saturations with O2.

Memory Effect: A Simple and Plausible Strategy for
Nonlinear Regulation by Ligand. When O2 binds to FixL,
the heme-binding domain undergoes a conformational shift.
This shift is subsequently recognized by the kinase, which
undergoes some change of its own toward an enzymatically
inactive conformation. When O2 dissociates from FixL, the
heme-binding domain returns to its activating (deoxy)
conformation, and this is followed by a relaxation of the
enzymatic domain back to its active conformation. The
foregoing two sentences essentially define a heme-based
sensor. It is important to note that the response of the kinase

domain after oxygenation or deoxygenation of the heme is
not the same as the process of O2 binding or dissociation.
Ligand binding is quite local to the heme-containing domain;
it has its own kinetics, distinct from those of the kinase
activation or deactivation, and it must be complete for any
change to occur in the kinase. Suppose the kinase switches
off immediately upon detecting that the FixL heme is in the
oxy state, but the kinase relaxes back to its active state
relatively slowly after the FixL heme dissociates O2. It is
easy to imagine activation-energy barriers in the coupling
mechanism between the heme-binding domain and the kinase
that would cause such a lag in propagating the “deoxygen-
ation” message but not the “oxygenation” message. The
following mathematical analysis shows that meeting this
simple condition easily accounts for the observed dose
response of FixL.

Let us define:

At equilibrium, the concentrations of all species will be
constant, therefore:

FIGURE 7: Schematic representation of the hysteresis resulting in
a memory effect in FixL. Oxygen rapidly associates with deoxy-
FixL (a) and immediately switches off the kinase to an inactive
conformation (b). After O2 dissociates (c), the protein slowly relaxes
back to its active conformation and only slowly recovers its activity.
Thus multiple deoxy molecules may be inactivated by a single
molecule of O2 (c-e). Moreover, since the recovery time is longer
than the average lifetime of a deoxy state before it associates with
O2, many recovering deoxy molecules, i.e., “inactive-deoxy”, will
rebind O2 before they can fully relax back to the active state (f, g).
At equilibrium, the proportions of active-deoxy, inactive-deoxy,
and oxy-FixL will no longer change, although different molecules
will alternate between these states (f-h).

I ) inactive deoxy-FixL; YI ) I/[FixL]

A ) active deoxy-FixL; YA ) A/[FixL]

IO2 ) oxy-FixL; Y ) IO2/[FixL]

[FixL] ) total FixL ) A + I + IO2

D ) (1 - Y) )
YI + YA ) fraction of FixL not bound to O2

KD ) dissociation equilibrium constant for
binding of O2 ) kon/koff

d[A]
dt

) 0 ) kia[I] - kon[O2][A] w [A] )
kia[I]

kon[O2]

d[I]
dt

) 0 ) -(kon[O2] + kia)[I] + koff[IO2] w [IO2] )

(kon[O2] + kia)[I]

koff

YA )
[A]

[I] + [A] + [IO2]
)

(kia[I])/( kon[O2])

[I] +
kia[I]

kon[O2]
+

(kon[O2] + kia)[I]

koff

YA )
kia

kon[O2] + kia + (kon[O2] + kia)
kon[O2]

koff

)

1

1 +
[O2]

Kd

kia/kon[O2]

(1 + kia/kon[O2])
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For any heme protein that binds O2 noncooperatively, 1/(1
+ O2/Kd) is simply the fraction of deoxygenated protein,D.

A relevant property for the current model is the relative
population of oxy-state protein molecules in the reaction
mixtures; this can be measured directly by deconvoluting
the UV-visible spectra of the mixtures into their pure
components. Errors in measuring the O2 concentrations were
avoided by eliminating the O2 concentration from eq 1 and
deriving an expression for activity purely as a function of
the O2 saturation, which could be precisely measured. If we
substitutekoff(1 - Y)/Y for kon[O2] in eq 1, we obtain

This is the equation that is fit to the data in Figure 5 (solid
black curve). One possible way to get an intuitive sense for
the memory effect model is to recast this model in terms of
the fraction of an average molecule’s time that is spent in
each of the available states. Although every individual FixL
cycles through all of the available states (oxy, inactive-deoxy,
then active-deoxy) every few seconds, the total number of
molecules in each state will remain constant as long as the
O2 concentration is stable. The average time for the recovery
of activity after O2 dissociates,Trec, is the reciprocal of
reactivation rate, i.e., 1/kia. Similarly, 1/kon[O2] givesTdeoxy,
the average lifetime of a deoxy state before rebinding O2 at
a particular O2 concentration. Therefore, an alternative form
of eq 1 in terms of state lifetimes rather than rates is

The recovery timeTrec is a property of the kinase and is
independent of the O2 saturation, whereas theTdeoxy will
shorten as the O2 concentration increases. Therefore the
Tdeoxy/Trec ratio depends on both the saturation and binding
characteristics of a particular ligand.

Carbon monoxide binds slowly toBjFixL (kon ) 0.005
µM-1 s-1), which becomes half-saturated in 2µM CO
(Figure 3). When the heme is half-saturated, the lifetime of
a deoxy state equals the lifetime of a carbonmonoxy state.
For CO, this lifetime is 100 s. This is about 50-fold longer
than the estimatedTrec of 1.9 s. Therefore there should
essentially be no deoxy molecules in the process of recovery.
If, for a wide range of ligand saturations,Trec is short
compared to the lifetime of a deoxy state (Trec , Tdeoxy),
then YA ∼ D in eq 1a, and the activity simply becomes
proportional to the protein fraction in the deoxy state. This
is why the modest inhibition caused by CO binding is linear
with respect to the CO saturation and shows no sign of a
memory effect (Figure 3A).

Oxygen binds toBjFixL at a rate of 0.14µM-1 s-1, and
the protein becomes half-saturated in 140µM O2 (19). So
at half-saturation, theTdeoxy is only 0.051 s and about 37
times shorter than theTrec. Therefore very few deoxy-FixL
molecules manage to regain activity before rebinding O2.
SinceTdeoxy < Trec for most O2 saturations, very little of the

time that a FixL molecule spends in the deoxy state will be
spent as a productive kinase if even a small amount of O2 is
present. In air, out of any 100BjFixL, 64 will be oxy. Of
the remaining 36 deoxy, 34 will be recovering and only two
will be active, resulting in only 2% of the maximum activity.
Equation 1 predicts a rapid drop inYA with a rise in the O2
concentration, and this matches the observed FixL dose
response in vitro and in vivo (Figure 5). Note that when FixL
is returned to anaerobic conditions, all the deoxy-FixL
molecules will relax back to the active state within seconds,
and 100% activity will be restored.

Biochemical Implications.During the mid-1960s, Brian
R. Rabin proposed that slow conformational transitions
occurring during enzyme reactions might cause apparent
cooperative behavior, even in a monomer (30). Soon
thereafter, Carl Frieden called this behavior an “enzyme
hysteresis” and defined it as a slow response of the enzyme
activity to fast changes in a ligand concentration (31). Many
important metabolic enzymes fit the category of hysteretic
enzymes, with the conversion times from one kinetic form
to another ranging from seconds to minutes (32). Variations
in enzyme hysteresis deriving from an assortment of changes
result in many fascinating behaviors (31, 32). The slow
response might be a conformational change induced by a
substrate, product, or noncompetitive inhibitor; it might be
an isomerization; it might be the displacement of a tightly
bound ligand by another that differently affects the activity;
or it might be a change in the kinetics of substrate binding
and the affinity for substrate. The memory-effect model
predicts that FixL would remain inactive several seconds after
a large instantaneous drop in the O2 concentration, and
therefore FixL represents a special case of a hysteretic
enzyme. This is shown schematically in Figure 7. The general
equations governing hysteresis are quite complex. For FixL,
however, it is straightforward to measure relevant equilibrium
and kinetic parameters and to show that many of the
considerations that can greatly complicate hysteretic models
do not apply. For example, the single-exponential binding
of O2 to full-lengthBjFixL and aBjFixLH truncation lacking
the enzymatic domain justify the assumption thatkon(O2) is
the same for both active and inactive deoxy. The deoxy and
oxy forms of FixL bind ATP and FixJ equally well (6).
Indeed, FixL may well be the most comprehensible and
accessible hysteretic enzyme for systematic study. To our
knowledge, FixL provides the first example of a hysteretic
sensory kinase.

Structural Implications.The existence of an inactive-deoxy
state of FixL is an inescapable consequence of the simple
arithmetic comparison of the deoxy-protein fraction to the
active-protein fraction. The former is directly measurable
spectroscopically; the latter is directly measurable by enzyme
assays. The inactivation is completely reversible. The inac-
tive-deoxy state does not exist when the protein is entirely
anaerobic. The hysteretic “memory-effect model” represents
one way to account for the observed populations of active-
and inactive-deoxy states at different O2 saturations. This
simple model depends only on hypotheses regarding the
behaviors of these states and neither contains nor needs any
assumptions about their structures.

The hysteresis associated with the memory effect derives
from a slow response of the kinase to rapid changes in the
heme-binding domain. Consequently, the kinetics of the

YA ) (D)
kia/kon[O2]

(1 + kia/kon[O2])
(1)

YA ) D
kiaY

(koffD + kiaY)
(2)

YA ) (D)
Tdeoxy/Trec

(1 + Tdeoxy/Trec)
(1a)
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memory effect should not be confused with the kinetics of
ligand binding, or with spectroscopic signals deriving directly
from the heme state. The reactivation of the kinase after O2

dissociation occurs after the spectroscopically observable
changes in the heme and its immediate environs are complete.
Such changes of the kinase would have no obvious spectral
signatures. Since an inactive-deoxy state results from the
kinase and heme-binding regions impinging on each other,
such a state would not be expected to exist in either domain
in isolation. In principle, the inactive-deoxy state might be
“trapped” in a crystal by rapid freezing, but this is not
feasible, given that no one has yet succeeded in crystallizing
a complete FixL.

Physiological Implications.For S. melilotiliving symbioti-
cally with Medicago satiVa (alfalfa), the levels of expression
of a RmFixLJ-regulatedfixK::lacZ gene fusion surge ap-
proximately 100-fold over an O2 concentration range that
should linearly change the FixL saturation from 84% to 32%
(21). For B. japonicumgrown vegetatively, a 30-fold surge
is observed in the expression of afixK2::lacZ on switching
from air to 0.5% O2 for 24 h (20). Under these conditions,
the saturation ofBjFixL with O2 should drop from 64% to
14%, resulting in only a 2.4-fold increase in the deoxy-
fraction of this sensor. In the absence of an in vitro dose-
response profile for any FixL protein, it has been tempting
to imagine that other elements might be needed to sharpen
the in vivo dose response of FixLJ-regulated genes. The FixT
protein, for example, is a distant FixJ homologue that inhibits
phosphorylation of FixL, probably by blocking its active site
(18, 33). FixT has been entertained as an element inS.
meliloti for reducing the background of aerobic FixL activity.
This seemed unlikely, however, given that FixT’s action is
entirely independent of O2, and an analogous protein has
not been found inB. japonicumwhere a steep O2 response
also occurs. Our results show that the simple O2-sensing
system consisting of FixL and FixJ is sufficient to account
for the observed nonlinear response to O2 (Figure 5).
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