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A phosphodiesterase (PDE) from FEscherichia coli
(Ec DOS) is a novel haem-based oxygen sensor
enzyme. Binding of O, to the reduced haem in the
sensor domain enhances PDE activity exerted by the
catalytic domain. Kinetic analysis of oxygen-dependent
catalytic enhancement showed a sigmoidal curve with a
Hill coefficient value of 2.8. To establish the molecular
mechanism underlying allosteric regulation, we ana-
lysed binding of the O, ligand following reduction of
haem in the isolated dimeric sensor domain using pulse
radiolysis. Spectral changes accompanying O, binding
were composed of two phases as a result of reduction of
two haem complexes when high-dose electron beams
were applied. In contrast, upon reduction of the dimer
with a low-dose beam, the kinetics of O, ligation dis-
played single-phase behaviour as a result of the reduc-
tion of one haem complex within dimer. Based on these
results, we propose that the faster phase corresponds to
binding of the first O, molecule to one subunit of the
dimer, followed by binding of the second O, molecule
to the other subunit. Notably, for the haem axial ligand
mutant proteins, M95A and MI9SL, O, binding
displayed single-phase kinetics and was independent of
electron beam dose.

Keywords: allosteric control/haem enzyme/
oxygen sensor/O, binding/pulse radiolysis/
phosphodiesterase.

Abbreviations: Ec DOS, Escherichia coli direct oxygen
sensor; Ec DOS-PAS, isolated haem-bound PAS
domain of Ec DOS; PAS, Per (Drosophila period
clock protein)-Arnt (vertebrate aryl hydrocarbon
receptor nuclear translocator)-Sim (Drosophila single
minded protein); PDE, phosphodiesterase.

Haem-based gas sensors are a class of enzymes that
regulate enzymatic activity and DNA binding in
response to availability of the diatomic gas molecules,
0O,, CO or NO (/—6). The haem-based gas sensor pro-
tein is composed of two functional domains, specific-
ally N-terminal haem-bound sensor and C-terminal
catalytic domains. The binding of an external signal-
ling gas molecule to the haem iron complex in the
sensor domain leads to changes in the protein structure
of that domain. These protein structural changes
constitute the second signal, which is transduced to
the catalytic domain for regulation of activity of the
enzymatic domain. Haem-regulated phosphodiesterase
(PDE) from Escherichia coli (Ec DOS) is a haem-based
oxygen sensor enzyme composed of an N-terminal
haem-binding sensor domain with a PAS motif and a
C-terminal PDE catalytic domain (6—8). Ec DOS dis-
plays PDE activity specific for 3',5-cyclic diguanylic
acid (c-di-GMP) (9, 10), which is significantly
enhanced upon binding of O, to reduced haem
(11, 12). Ec DOS is an oxygen sensor enzyme, although
catalysis is regulated in response to not only oxygen
but also CO and NO concentration. In practice, how-
ever, the cellular oxygen concentration should be much
higher than the levels of CO or NO (/3). Structural
changes in the haem vicinity caused by oxygen binding
to the haem iron are initial events important for
gas sensing, followed by intramolecular signal trans-
duction from haem to the catalytic domain and
subsequent regulation of PDE activity.
High-resolution X-ray crystallographic structures
have been obtained for the Fe®™ and oxygen-free
Fe*™ forms (/4) as well as the oxygen-bound Fe**
form of isolated haem-bound PAS domains of
Ec-DOS (Ec-DOS-PAS) (Fig. 1) (15). The protein
folds into a characteristic PAS domain structure and
forms a homodimer (8). In the Fe** form, the haem
iron interacts with a His 77 side-chain and a hydroxide
anion (or water molecule) (Complex I in Fig. 2). Haem
iron reduction is accompanied by haem ligand switch-
ing from the hydroxide anion (or water molecule) to a
side-chain of Met95 from the FG loop (left in Fig. 1,
complex IV in Fig. 2). Upon O, binding to the Fe*"
form, Met95 is replaced by O, (right in Fig. 1, complex
V in Fig. 2) and the side-chain of Arg97 forms a direct
hydrogen bond with the O, molecule attached to the
Fe** haem complex. Haem-7-propionate forms a
hydrogen bond with Arg97 instead of Met95 in the
Fe’™-0, complex. The replacement of Met95 with a
distal axial ligand perturbs the haem-7-propionate
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Fig. 1 Crystal structures of the Fe?* A, Protein Data Bank code 1V9Z) and Fe>*-O, (B, Protein Data Bank code 1VB6) complexes of Ec

DOS-PAS.
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Fig. 2 Structural changes in Ec DOS-PAS accompanying iron redox change from the Fe* to Fe?* haem complex. In complex V, Arg97 forms a
hydrogen bond with the oxygen molecule bound to the Fe>™ haem complex (cf. Fig. 1) whereas Met95 does not directly interact with the oxygen
molecule or the Fe?* haem complex. For pulse radiolysis, the reductant, e, is the aqueous electron, Caq -

hydrogen bonding network, resulting in significant
conformational changes in the FG loop (/4). As the
enzymatic activities of gas-free M95A and MO95L
mutant proteins appear similar to that of the
gas-activated wild-type enzyme (/2), it is speculated
that global structural changes around Met95 caused
by the binding of external ligands or mutations at
this position release the catalytic lock and activate
catalysis.

Full-length Ec DOS is an oligomeric oxygen sensor
enzyme. A particular issue of interest is whether en-
zymatic activity is regulated by O,-dependent allosteri-
city, similar to that observed for haemoglobin. To
elucidate the molecular mechanism of allostericity
and the sensing process, that is, the pathway by
which perturbation induced by association or dissoci-
ation of O, is transduced within the haem domain,
intermediates generated during this process require
characterization. A powerful way to achieve this
for haem proteins is the use of time-resolved pulse
radiolysis in which a hydrated electron (e,q ) rapidly
reduces the Fe’* haem of various haemoproteins
(16—20). The pulse radiolysis approach has several
features that render it superior over other methods,
including the stopped-flow technique. First, pulse
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radiolysis permits extremely rapid donation of a
single electron to a metal centre in an enzyme. The
rate of reduction is such that the absence of conform-
ational changes may be assumed (/9, 20). Second,
pulse radiolysis does not require substrates or chem-
icals, and thus no complications arise from kinetic con-
straints imposed by chemical events (/7). The
quaternary structure of methaemoglobin has been
characterized by monitoring the kinetics of O, binding
to the valence hybrid using pulse radiolysis (2/—24).
In the present study, we demonstrate that the
O,-dependent catalytic activity of Ec DOS is allosteri-
cally regulated. Pulse radiolysis was applied to reduce
haem in Ec DOS-PAS, and binding of O, was investi-
gated (Fig. 2). The kinetics of O, ligation to the
haem in the dimer was composed of two phases upon
application of a high-dose pulse. However, when one
haem group of the dimer was reduced with a low-dose
pulse, a single kinetic phase of binding was observed.

Materials and Methods

Materials

All chemical reagents were of the highest available grade. Reagents
were purchased from Wako Chemicals (Osaka, Japan), and used
without further purification.
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Construction of expression plasmids and site-directed
mutagenesis

Cloning of Ec DOS and construction of the expression plasmid,
pET28a(+)-Ec DOS-PAS, have been described earlier (8, 11, 12).
All constructs were confirmed by DNA sequencing.

Protein overexpression and purification
Full-length wild-type Ec DOS as well as wild-type and mutant Ec
DOS-PAS proteins were overexpressed in E. coli BL21 (DE3) using a
pET28a(+) expression plasmid, as described earlier (12).
Full-length Ec DOS and Ec DOS-PAS proteins were purified
using column chromatography over nickel-nitrilotriacetic
acid-agarose and DEAE, in keeping with a previous report (/2).
All proteins were >95% pure, as assessed using sodium dodecyl
sulphate-polyacrylamide gel electrophoresis.

0,-dependent catalytic activities and spectral changes
Catalytic activities were measured according to a previous report
(12). Oy-dependent catalytic enhancement was performed under
anaerobic conditions in a glove box, except for experiments with
260 uM O,, which were conducted under air-saturated conditions
at 25°C. Formation of the O,-bound complex during the catalytic
measurement was confirmed on the basis of optical absorption
spectra (8, 12). Curve fitting was performed with the Hill equation
as follows:

(K1 — Ko)
[1+ (K2/x)"] + Ko
where K, (minimum in the y axis)=8.600, K; (maximum in the y

axis) = 63.89, K, (value of the O, concentration at half the maximal
velocity) =86.91, n (Hill coefficient) =2.789.

y=

Pulse radiolysis

Pulse radiolysis experiments were performed using a linear acceler-
ator at the Institute of Scientific and Industrial Research, Osaka
University (19, 20, 25—30). Pulse width and energy were set as 8 ns
and 27 MeV, respectively. The light source for the spectrophotom-
eter was a 200 W Xe lamp. After passing through the optical
path, transmitted light intensities were analysed and monitored
using a fast spectrophotometric system composed of a Nikon mono-
chromator, R-928 photomultiplier (Nikon, Tokyo, Japan), and
Unisoku data analysing system (Osaka). For time-resolved transient
absorption spectral measurements, the monitored light was focused
into a quartz optical fibre, which transported electron pulse-induced
transmittance changes to a gated spectrometer (Unisoku, model
TSP-601-02) (30). The resolution time of the spectrometer was 10 ns.

The concentration of e, generated by pulse radiolysis was deter-
mined on absorbance changes at 650 nm using an extinction coeffi-
cient of 14.1mM~" ecm™" (31). For high-dose experiments, 20—50 pM
e,q was generated using pulse radiolysis. These concentrations
could be adjusted by varying the electron beam dose.

For preparation of pulse radiolysis samples, Ec DOS-PAS solu-
tions were treated with 0.1 M zerz-butyl alcohol (for scavenging OH
radicals) in a 10 mM phosphate buffer (pH 7.4), and deoxygenated
by repeated evacuation and flushing with argon in a sealed quartz
cell. Samples containing O, or CO were prepared by mixing
argon-saturated buffer solutions with the appropriate volumes of
O,- or CO-saturated buffer solution, respectively. To monitor the
reaction of O,, 50 ul of the O,-saturated buffer solution was added
to the de-aerated 350 pul sample solution containing enzyme and
tert-butyl alcohol. Quartz cells had an optical path length of
0.3cm or lcm, and the sample temperature was maintained at
25°C. Addition of various concentrations of fert-butyl alcohol
(0.05—0.2 M) had no effects on O, binding or optical absorption
spectra of Ec DOS-PAS, as reported for other haemoproteins
(16—24).

0, and CO binding were monitored between 0 and 1s. Ligand
binding within this timescale was analysed using the following equa-
tion:

AA(1) = ae™™ 4 pe ! )

where AA is the total intensity change at a certain time ¢, after pulse
radiolysis, & and B are initial intensities for each phase, and k; and &,
are the rate constants.

Oxygen binding of the oxygen sensor, Ec DOS

Optical absorption spectra were measured with Hitachi U-3000
(Tokyo, Japan) and Shimadzu UV-1600PC (Kyoto, Japan) spectro-
photometers under aerobic and anaerobic conditions, respectively.

Results

Oxygen concentration dependence of the catalytic
reaction

To examine how catalytic activity was controlled, the
O, concentration dependence of catalysis was moni-
tored using the full-length enzyme. As shown in
Fig. 3 (filled circles), O,-dependent catalytic enhance-
ment formed a sigmoidal, thus not hyperbolic, curve.
Experimental data were fitted to the calculated Hill
plot using a Hill coefficient (7) value of 2.8, suggestive
of a regulatory effect for O,-induced catalytic enhance-
ment. Optical absorption spectra indicated that
O,-binding curve for the full-length enzyme was hyper-
bolic (vacant triangles and squares in Fig. 3). The
half-saturation points for catalysis (ECsy) and spectra
(Kq) were 87 and 95 uM, respectively.

O, binding to wild-type Ec DOS-PAS

Pulse radiolysis experiments involve the instantancous
generation of hydrated electrons (e,q ), which in turn
reduce the haem iron of haemoproteins (/6—19). The
reaction scheme after the reduction of the low-spin
Fe’™ complex [His-Fe(II)-OH~ or H,0] of Ec
DOS-PAS by e, is interpreted to follow the sequence
of events illustrated in Fig. 2. A five-coordinate deoxy
structure (intermediate I1I) is formed via the first inter-
mediate (intermediate II) (a six-coordinate ferrous
haem with OH™ or H,0). Subsequently, Met95
in the neighbourhood of the haem coordinates with
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Fig. 3 Regulation of Ec DOS catalysis by O, binding. O,
concentration-dependent catalytic enhancement (filled circles) was
evaluated, whereas generation of the oxygen-bound form of
full-length Ec DOS was assessed by optical absorption spectroscopy
monitored at 428 nm (vacant triangles, 1 min; vacant squares,

10 min) after mixing with the O, buffer. Both experiments were
conducted with the protein concentration 0.2 uM in the same
Tris—buffer at 25°C. Experiments were repeated at least three times
for each data point. Mean values with error bars are presented. Basal
catalytic activity in the absence of O, was normalized to zero
percentage to focus only on the catalytic enhancement that was
O,-induced. The right-hand scale has the percentages of activity used
for the evaluation of the Hill plot and of the oxygen-bound forms,
whereas the left-hand scale shows actual catalytic activities. Note
that the oxygen-bound form did not reach 100% saturation under
experimental conditions conducted for catalytic measurements.
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ferrous haem as the sixth axial ligand and generates
the Fe’" six-coordinated form (IV). The increase in
absorbance at 428 nm and decrease at 415nm reflect
this reduction (Fig. 4). Figure 5 illustrates the kinetic
difference spectra of the Soret (Fig. 5A) and visible
(Fig. 5B) regions after pulse radiolysis of Ec¢ DOS-
PAS. The spectrum at 10 us after the pulse is identical
to the static difference spectrum of Fe*™ minus Fe*™ Ec
DOS-PAS. No appreciable spectral indication of the
presence of these intermediates at any wavelength was
evident within this timescale. Our findings thus support
the formation of the Met95-bound six-coordinated
Fe>* haem structure during this time domain.
Spectral changes corresponding to haem reduction
in the aerobic solution (with ~130 uM O,) were moni-
tored. Initial changes in absorption were reversed

Fig. 4 Absorption changes monitored at 428 nm and 415 nm after
pulse radiolysis of Ec DOS-PAS. Samples contained 12.5 uM protein
and oxygen at a concentration of 130 uM. All samples contained
0.1 M ftert-butyl alcohol in 10 mM phosphate buffer (pH 7.4).
Experiments were performed with a high-dose electron beam

(cf. Fig. 6). Experiments were repeated at least three times, and
representative data are shown.
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Fig. 5 Kinetic difference (Fe>* minus Fe?") spectra (broken

black lines) for absorption bands between (A) 360 to 460 nm, and
(B) 480 to 600 nm at 10 s, SO0ms and 1s for wild-type Ec DOS-PAS
after pulse radiolysis. Samples contained 12.5 uM protein, and

130 uM oxygen. Experiments were performed with a high-dose
electron beam (cf. Fig. 3). Note that the left-hand ordinate is in units
of AA corresponding to kinetic difference spectra, whereas the
right-hand ordinate is presented as extinction coefficient units
corresponding to [Fe>™ minus Fe**] difference spectra. Experiments
were repeated at least three times, and representative data are shown.
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within a timescale of seconds (Figs 5 and 6A). In par-
ticular, the observed decrease in absorption at 560 nm
and increase at 580 nm, the characteristic wavelength
of Fe**-0, at 1 s (Fig. 5B), account for O, binding to
Fe*™ haem. The time profile was composed of two
phases, as shown in Fig. 6A. The rate constants of
both the faster and slower phase were dependent on
the O, concentration (Fig. 6B and C), indicating that
the absorbance changes observed in Fig. 6A are a
consequence of bimolecular reaction of O, with Fe**
Ec DOS-PAS. The second-order rate constants of the
reaction were calculated as 6.1x10* M~' s7' and
32x10° M~' s7! respectively. These values are
comparable to those obtained using the stopped-flow
method (32).

The effect of electron beam dose on the rate of
oxygen binding to Fe*™ haem groups was subsequently
investigated. To further evaluate the relationship
between the biphasic behaviour and the e, concen-
tration under aerobic conditions, the e,q~ dose was
decreased from 25puM (high dose) to 0.3puM (low
dose) by reducing the electron beam dose at a fixed
Ec DOS-PAS concentration of 12 uM. The ratios of
the fast fraction of total change and fraction of
reduced Fe’* in the total haem of the samples were
plotted against the e, concentration (Fig. 7C).
Using a high-dose electron beam, the time profile
was composed of two phases, consistent with previous
data (Figs 6 and 7A). The absorbance proportions of
the faster and slower phases were approximately
equivalent at e,,~ concentrations >12uM, ~1 equiva-
lent of e,q~ to haem, as highlighted using the vacant
circles in Fig. 7C (please note the vertical axis on the
right-hand side; only fast-phase fractions are
described). Equivalent fractions of both phases were
observed at e, concentrations between 10 and
25 uM. The fraction of the fast phase with respect to
the total biphasic phase increased with decreasing
beam dose (corresponding to the degree of reduced
haem) (vacant circles in Fig. 7C). Upon decrease in
the e, concentration to below 3puM, O, ligation
kinetics displayed single-phase behaviour (Fig. 7B).
At low electron beam doses, 15% of haem remained
in the Fe*" state (filled circles in Fig. 7C; please see the
vertical axis on the left-hand side). Accordingly, it is
proposed that under low-dose conditions, a valence-
hybrid species designated the ‘Fe*™-Fe’" complex’ is
formed in which only one haem in one dimer subunit
is reduced to the Fe*" complex. Note that O, binds
only to the Fe** and not the Fe*" complex. Thus, the
biphasic character of oxygen binding under high-dose
conditions is associated with binding to two different
haem species.

We additionally examined the kinetics of CO bind-
ing to Ec DOS-PAS. Similar results to those obtained
when O, binding was studied were obtained (please see
‘Supplementary data’).

0, binding to Ec DOS-PAS mutants

Upon O, binding to Fe’" haem, Met95 moves away
from the haem iron (Figs 1 and 2). Arg97 on the
haem-distal side interacts with O, bound to Fe*"
haem (Fig. 1) (/5). The X-ray crystal structure of Ec
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Fig. 6 (A) Absorption spectral changes on a second timescale after pulse radiolysis of Ec DOS-PAS monitored at 428 nm (left) and 405 nm (right) at
an O, concentration of 130 uM. O, concentration dependence of rate constants of the faster (B) and slower (C) phases observed after pulse radiolysis.
Experiments were performed with a high-dose electron beam. Samples contained 12.5 uM protein and 0.1 M tert-butyl alcohol in a 10 mM
phosphate buffer (pH 7.4). The white lines represent the curves obtained by double-exponential fitting. Experiments were repeated at least three
times, and representative average data are shown. Experimental errors were <20%.
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Fig. 7 Dependence on the ¢,,~ concentration of the fast phase of O,
binding of wild-type Ec DOS-PAS monitored at 428 nm after pulse
radiolysis. (A) High dose (22.6 uM ¢,,™). The white line is fit to a
sum of two exponential functions. (B) Low dose (2.3 uM e,q"). The
white line is fit to one exponential function. Samples contained
12.5uM enzyme and 130 uM O,. All samples contained 0.1 M zert-
butyl alcohol in a 10 mM phosphate buffer (pH 7.4). (C) (-O-) The
e,q concentration (horizontal axis) dependence of the fast phase
fractions of total change accompanied by O, binding (vertical axis
on the right-hand side) and (—e—) fraction of the reduced (Fe’*) out
of the total haem (vertical axis on the left-hand side) in the sample.
Experiments were repeated at least three times for each data point.
Experimental errors were <20%.

DOS-PAS reveals that Arg97, Phell3 (indirectly) and
Leull5 (directly) form a hydrophobic triad in the
haem plane or near the ligand access channel of the
haem iron (Fig. 1) (32, 33). Mutations altering these

residues should influence the O,-binding process, and
it was thus of particular interest to obtain O,-binding
kinetic data on mutant proteins. As with to the
wild-type protein, haem in mutant proteins was initial-
ly reduced by e,, to generate the corresponding Fe**
form (data not shown). Under aerobic conditions,
spectral changes accompanying O, binding were com-
posed of two phases for the R97A, R97E, R97I,
F113T, F113Y, F113L and L115F mutant proteins,
and both fast and slow phases were dependent on the
O, concentration. The rate constants for the fast phase
of O, binding to these mutant proteins [3.4 ~ 14 x 10*
M~ s7!] were comparable to that of the wild-type
protein [6.1 x 10* M~' s7!]. Similarly, rate constants
for the slower phase of O, binding to the mutants
20 ~ 17x 10> M~!" s7!'] were close to that of the
wild-type protein (3.2x10° M~' s7!) (Table I).
Additionally, the kinetics of O, binding to mutant
proteins showed a single phase, with loss of the
slower phase, upon application of low-dose electron
pulses, similar to that observed with the wild-type
protein. Thus, it appears that mutations in Arg97,
Phell3 and Leull5 (except for R971 and F113L)
have only marginal effects on the kinetics of O,
binding.

O, binding to Met95 mutant proteins is reportedly
very rapid, and thus cannot be monitored using the
stopped-flow method, except in the case of the M95I
protein (34), as the reaction is completed within instru-
mental dead time (35). Indeed, mutation of Met95 led
to a remarkable increase in the O,-binding rate, as
shown in Fig. 8 and Table I. Notably, unlike the
wild-type protein, the M95A, M951 and M95L mu-
tants displayed single-phase O, binding at both high
and low electron beam doses. At high doses, the
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Table I. Rate constants for the binding of oxygen to Fe’>* forms of
wild-type and mutant Ec DOS-PAS proteins measured using pulse
radiolysis.

kon (x10° M1 s71)

Proteins Fast phase Slow phase References
Wild-type 61 3.2
151\ _
81 8.1 32
2.6 )
M95A 11,000 —
5,500"
M951 5,300 -
3,600"
MI5L 8,900 -
2,700*
M95H 7,500 270
820"
RI7A 34 2
8.2¢
RI7E 35 2.5
R971 140 17
100*
F113T 58 6.6
20°
F113Y 34 2.1
16'(\
F113L 170 -
130¢
L115F 68 23
10?

At least three experiments were performed for each data point, and
experimental errors were <20%. “The k values were evaluated
using a low-dose electron beam; under such conditions, 0.5mM
or lower e,,~ was applied, and only the fast phase fraction was
observed (Fig. 6C).

O,-binding rate constants for M95A, M951 and M95L
were 1.1x 10" M~ 's7!1, 53x10°M s and 8.9 x 10°
M~! 57!, respectively. Surprisingly, O, bound to only
one haem in dimeric M95 mutant proteins, even when
O, was present at high doses. A typical example is
shown in Fig. 9, illustrating difference spectra of the
MO5SA mutant at 20 ps, 10 ms and 100 ms after pulse
radiolysis. Spectroscopic changes at 10—20 ps reflect
reduction of the M95A ferric haem, and the product
was identical to that of the ferrous form (black line).
The spectrum generated at 10 ms reveals that half the
reduced haem (only one haem in the dimer is reduced)
can bind O,. However, no further spectral changes
were observed for at least 100 ms, indicating that the
other haem of dimeric Fe’" remains O,-free. For the
MO95H mutant, the time profile was composed of two
phases at high electron beam doses, similar to the
wild-type protein (Table I and Fig. 8). The rate con-
stants of both the faster and slower phases for the
MO5H mutant were dependent on the O, concen-
tration (data not shown). The second-order rate
constants of the reaction were 7.5x 10°M~'s™! and
2.7x10°M~"'s7!, respectively (Table I).

Discussion

The O,-dependent catalytic enhancement experiments,
and the spectroscopic O, binding work of the present
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Fig. 8 Absorption spectral changes on a millisecond time domain after
pulse radiolysis of M95A (A), M95L (B) and M95H (C) mutant pro-
teins of Ec DOS-PAS monitored at 428 nm. The oxygen
concentration was 130 uM. Experiments were performed with a
high-dose beam (cf. Fig. 6). Samples contained 10.8 uM M95A,
8.7uM MISL or 12.3uM M95H. All samples contained 0.1 M
tert-butyl alcohol in a 10 mM phosphate buffer (pH 7.4).
Experiments were repeated at least three times for each spectral
change, and representative spectral changes are shown.
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Fig. 9 Kinetic difference (Fe* minus Fe>") absorption s?ectra at 360
to 460 nm at 20 ps, 8 ms and 100 ms, and [Fe*" minus Fe’*] difference
spectra (broken black lines) for M95A Ec DOS-PAS after pulse
radiolysis. The oxygen concentration was 130 uM. Experiments were
performed with a high-dose beam (cf. Fig. 6). Note that the
right-hand ordinate represents units of AA corresponding to kinetic
difference spectra whereas the left-hand ordinate represents extinc-
tion coefficient units corresponding to [Fe** minus Fe**] difference
spectra. Experiments were repeated at least three times, and repre-
sentative data are shown.
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study (Fig. 3), were performed using the full-length Ec
DOS enzyme. However, all pulse radiolysis experi-
ments employed Ec DOS-PAS, the isolated haem-
bound PAS domain of Ec¢ DOS. A great deal of
biochemical evidence suggests that the full-length Ec
DOS protein is a tetramer, whereas Ec DOS-PAS is a
dimer (6, 8, 36). A recent report suggested, however,
that both the full-length Ec DOS protein and the Ec
DOS-PAS protein may be dimers, based on
size-exclusion fast protein liquid chromatography
coupled with the analysis of multi-angle laser light
scattering data (37). It is not clear why oligomeric
status differs between reports. The Hisg-tag was not
removed from the protein in the reports cited above,
and it may be that the Hisg-tag causes variation in the
oligomeric status, depending on protein preparation
methods and the analytical procedures and methods
employed. Also it should be noted that the structure
of a haem-sensor protein, wherein haem association/
dissociation regulates function in the same manner
as gas modulates the activities of gas-sensor proteins,
is very flexible, and molecular weight values
and/or oligomeric status thus vary with the method
of determination (38).

The half-saturation point for enhancement of Ec
DOS activity by O, was almost 87 uM, whereas the
equilibrium dissociation constant of O, for Ec DOS
was 95uM (Fig. 3). These values are comparable to
the equilibrium dissociation constants (30—140 uM)
of O, for the other oxygen-sensor enzymes (FixL pro-
teins from Bradyrhizobium japonicum and Rhizobium
meliloti) that contain a similar haem-bound PAS
domain (4, 35, 39, 40). Such values are much higher
than those (0.0029—1.5uM) of human haemoglobin,
sperm whale myoglobin and other haem-bound
globin proteins (35). Under normal conditions at 1 at-
mosphere pressure and 25°C, the O, concentration in
the aqueous solution is almost 260 uM. Even if the O,
concentration is significantly decreased, to 50uM,
most haemoglobin and myoglobin molecules will still
assume the O,-bound form. However, O,-sensor pro-
teins with high O, dissociation constants of 30—140 uM
would efficiently sense the lower O, concentration and
switch functions on or off. This is why O,-sensor en-
zymes show relatively high equilibrium dissociation
constants for the O, molecule.

The O, concentration-dependent catalytic enhance-
ment of Ec DOS observed in this study supports the
existence of catalytic control (filled circles in Fig. 3).
The data of Fig. 3 suggest that significant catalytic
enhancement is achieved only after the later binding
of the second O, rather than after the binding of the
first O, molecule. The sigmoidal curve may reflect the
proportion of molecules, equal to or above a critical
value, carrying the second (and later binding) O, mol-
ecule. It implies that partial O, saturation does not
trigger a radical change in activity. This behaviour of
Ec DOS is conceptually similar to that of hemoglobin
where the first (and second) O, binding significantly
enhances affinity of the later O, binding.

The hyperbolic (non-co-operative) curve of O, bind-
ing to full-length Ec DOS, obtained by the conven-
tional spectral titration method (Fig. 3), is consistent

Oxygen binding of the oxygen sensor, Ec DOS

with that reported by Tuckerman er al. (40).
Additionally, the sigmoidal (co-operative) curve of
the O,-dependent catalytic enhancement of full-length
enzyme activity observed in this study (Fig. 3) is also
in agreement with the data of Tuckerman et al. (40).
However, Lechauve et al. (37) observed cooperativity
of O, binding to the full-length enzyme, using simul-
taneous measurement of absorption and oxygen ten-
sion. The latter method has been used to obtain correct
O, binding curves for evaluating precise equilibrium
O, association or dissociation constants to/from
oligomeric haemoproteins.

Previous stopped-flow experiments conducted by
our group revealed biphasic kinetics of O, binding to
Ec DOS-PAS (32). Based on the present data, we
propose that the first O, molecule binds rapidly to
one subunit of the dimer, followed by binding of the
second O, molecule to the other subunit, leading to a
biphasic reaction. CO binding to the enzyme follows
similar kinetics. This proposal is supported by the dose
dependence of O,-binding kinetics on electron beam
strength, as illustrated in Fig. 10. The sixth haem
ligand in Fe*™ is OH™ (or a water molecule) (/4).
Upon haem reduction, distal OH™ (or the water
molecule) is displaced by Met95 of the FG loop.

Pulse radiolysis permits extremely rapid donation of
a single electron to a haem iron in an enzyme. This
method facilitates regulation of the electron dose
applied to reduce the haem complex and differentiates
the haem characteristics of oligomeric haem com-
plexes, as observed for haemoglobin (20—24), which
renders the technique superior to other chemical and
electronic methods involving haem complex reduction.
Moreover, high-level electron pulses generated in our
facility allows tuning of pulse concentrations over a
wide range, from 0.1 pM to 50 uM e,,~, whereas earlier
pulse radiolysis experiments were limited to doses of
1-2uM e, , making dose-dependence experiments
impractical (2/—24).

At low-dose electron pulses, a ratio of 0.1 for [e,q ]/
[Ec-DOS-PAS] is too small to permit significant reduc-
tion of two haems within dimer, leading to the follow-
ing equation:

Fe't.Fe't4e, — Fe’ .Fe'*

The resulting product is a valence-hybrid species,
designated the Fe**-Fe®* complex, in which only one
subunit within each dimer contains reduced Fe** haem
(equation 1 in Fig. 10) (2/—24). Note that O, binds
only to the Fe** complex. Thus, pulse irradiation of
a dimer solution in the presence of O, (or CO) facili-
tates the analysis of ligand binding kinetics to a singly
reduced subunit within the dimer (equation 2 in
Fig. 10). Indeed, the binding kinetics of O, (and CO)
to the valence hybrid are monophasic. The biphasic
character observed with the use of high doses
disappeared when the degree of reduction of Ec
DOS-PAS on a per-haem basis was <15%; this was
achieved at low levels (less than 3uM) of e,q (red
dots in Fig. 7). Under these conditions, only the fast
phase was observed. Therefore, the rate constant
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Fig. 10 Redox and coordination structural changes in dimeric Ec DOS-PAS after pulse radiolysis. (/) and (2) depict the proposed redox changes
and ligand binding induced by low-dose pulse radiolysis, whereas (3) and (4) illustrate the proposed redox and ligand binding behaviour using
high-dose pulse radiolysis or stopped-flow spectrometry. (/) Only one Fe** haem complex in one subunit of the dimer is reduced by hydrated
electrons, e,, ", leading to the formation of a Fe>*-Fe’" valence hybrid (or heterodimer). (2) O, binds to the Fe>* complex, generating a

Fe’t-0,-F 633(lr heterodimer. Therefore, only a single binding phase is observed. (3) After both Fe** haem complexes are reduced by high-dose
hydrated electrons, e,q~, O, initially binds only one of the Fe?* haem complexes, leading to a Fe?-0,-Fe?* heterodimer. (4) Next, O, binds to
the Fe?* complex of the Fe?*-0,-Fe? heterodimer, forming a Fe’*-0,-Fe?*-0, homodimer. In high-dose experiments, two binding phases are
differentiated, specifically, reaction (3) in the fast phase and reaction (4) in the slow phase, since the O, binding characteristics of each haem

complex in the dimer differ and influence each other.

determined under low-dose conditions reflects O, bind-
ing to the Fe*™ complex in the valence hybrid form.

The kinetics of successive O, binding to fully
reduced dimeric haem can be monitored by both
stopped-flow and pulse radiolysis using a high-dose
beam (equations 3 and 4 in Fig. 10). Changes in the
Met95 coordination structure induced by O, binding
could result in the movement of the FG loop of Ec
DOS-PAS, and subsequent transduction of informa-
tion that affects the ligand-binding affinity state of
the other subunit.

Our data imply different O, binding characteristics
of haem moiecties within the two dimer subunits.
Specifically, Fe>"-Fe*"0,, in which one O, molecule
binds to only one subunit of the dimer in the Fe*"
state, was isolated, and the X-ray crystal structure
determined (15). The finding that Fe*™-Fe’TO, was
sufficiently stable to permit crystallization suggests
that the K4 value for O, binding to the second haem
(K®4) within the dimer is significantly higher than that
for binding to the first haem (K*y). The K®4 value is
probably over 300 uM, comparable to that of O, bind-
ing to the full-length wild-type enzyme (35). Whereas
Met95 does not bind to the sixth coordination site of
either the Fe** or Fe**-O, form, substantial structural
differences should exist between these complexes. O,
coordination is accompanied by a 7A shift in the
sulphur atom of Met95, from a haem-coordinated
environment to a position where the side-chain
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points towards the protein surface. Thus, Met95 pro-
jects out of the haem pocket in the O,-bound state (15).
However, in the Fe’* form, the FG loop is located
near the haem-distal side, and this region is highly flex-
ible, as evident from the non-interpretable electron
density profile (/4). Conformational changes caused
by axial ligands appear to be less extensive in the
Fe’ form. This result is supported by the finding
that the activity of the Fe’™ form towards c-di-GMP
is significantly lower than that of the O,-bound
form (11).

A further finding of interest was that O, binds to
only half of the dimeric M95A and M95L mutant pro-
teins at high pulse doses, unlike what was seen when
the wild-type and other mutant enzymes were investi-
gated. In the absence of O,, the M95A and M95L mu-
tants are five-coordinated high-spin complexes with
high catalytic activities, similar to those of gas-bound
Fe’™ haem enzymes (/2). Therefore, it appears that
significant haem-distal conformational changes do
not occur when O, binds to one subunit of M95A
and M95L mutant proteins.

Stationary and time-resolved resonance Raman
spectra indicated that interactions between Met95,
Arg97, Phell3 and haem propionates regulate the
communication of haem structural changes to the pro-
tein moiety involved in the gas-regulated catalytic en-
hancement of Ec DOS (41). A flash photolysis study
using Arg97 mutant Ec DOS proteins confirmed that
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such interactions were important for gas-induced
structural changes associated with the signal transduc-
tion critical for catalytic regulation (33). However, in
our experiments, mutation of Arg97 or Phell3 had
only a marginal effect on conformational changes
associated with O, binding.

The redox and coordination structural changes
induced by pulse radiolysis of Ec¢ DOS-PAS are
depicted in Fig. 2. However, the hypothetical inter-
mediates, IT and III, could not be detected. The kinetic
difference spectrum obtained at 1 us after the pulse was
identical to that of the static reduced enzyme, but not
to that of the deoxy form of intermediate III, which
had an absorption maximum at 435nm (32, 34, 35,
42—44). This indicates that coordination of Met95
with the ferrous haem iron is rapid, being complete
within 1ps. In contrast, after photodissociation of
Fe**-CO via flash photolysis, coordination with
Met95 occurred over a 100 ps timescale (35, 42—44).
These differences may arise because the side-chain of
Met95 is either in, or projects out of, the haem pocket.
Met95 may project out of the pocket when CO is
bound, as inferred from the X-ray structure of the
0,-bound molecule. However, in the Fe’™ form, the
FG loop is possibly located near the haem-distal side.
In such a situation, the binding of Met95 after reduc-
tion of ligand-free Fe*" by pulse radiolysis may occur
near, or facing the haem plane. Thus, very rapid
rebinding of the flexible Met95 side-chain may take
place over a picosecond timescale.

It may appear that an inconsistency exists between
the O,-induced catalytic enhancement (or cooperativ-
ity) data (Fig. 3) and the results obtained when O,
binding to the haem iron complexes was studied
(Fig. 10). Rather, we suggest that the dimeric haem
complexes are biased (thus asymmetrical) with respect
to the redox character (with a low dose of electron
beam) and O, binding rate (with a high dose of clec-
tron beam) (Fig. 10). The allosteric O, binding char-
acter of Ec DOS reported by Lechauve et al. (37) may
help in the understanding of the molecular details of
asymmetry in dimeric haem complexes, as seen using
pulse radiolysis, and may also explain O,-induced
catalytic cooperativity.

Allosterically controlled O, binding is of physio-
logical importance in the catalytic regulation by envir-
onmental O, in E. coli (39). Even under in vivo aerobic
conditions, Fe*™-0, is only partially formed. Thus,
Ec-DOS activity may be critically regulated by the
oxygen concentration.

Supplementary data

Supplementary data are available at JB Online.
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