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ABSTRACT: In the heme-based oxygen sensor Dos fiéscherichia coli one of the axial ligands (Met

95) of a six-coordinate heme can be replaced by external ligands such B©Qand CO, which causes

a switch in phosphodiesterase activity. To gain insight into the bidirectional switching mechanism, we
have studied the interaction of ligands with the sensor domain DosH by flash photolysis experiments
with femtosecond time resolution. The internal ligand can be photodissociated from the ferrous heme and
recombines with time constants of 7 and 35 ps. This is somewhat slower than recombination of the external
ligands NO, with which picosecond rebinding occurs with unprecedented efficien@9%) with a
predominant phase of5 ps, and @ (97% in 5 ps, Liebl, U., Bouzhir-Sima, L., Neerie, M., Martin,

J.-L., and Vos, M. H. (2002Proc. Natl. Acad. Sci. U.S.A. 992771-12776). Dissociated CO displays
geminate rebinding in 1.5 ns with a very high yield (60%). Together these results indicate that the heme
environment provides a very tight pocket for external ligands, presumably preventing frequent switching
events. Additional CO dissociation and rebinding experiments on a longer time scale reveal that (a) Met
95 binding, in 10Qus, occurs in competition with bimolecular CO binding, and (b) subsequent replacement
of Met 95 by CO on the millisecond time scale occurs faster than in rapid-mixing experiments, suggesting
a slow further relaxation. A minimal ligand binding model is proposed that suggests that Met 95
displacement from the heme is facilitated by the presence of an external ligand in the heme environment.
Furthermore, the orders of magnitude difference between Met 95 binding after dissociation of internal
and external ligands, as well as the spectral characteristics of photodissociation intermediates, indicate
substantial rearrangement of the heme environment associated with ligand sensing. Further remarkable
observations include evidence for stabted(ns) photooxidation of six-coordinate ferrous heme, with a
guantum vyield of 48%.

Sensors of gaseous ligands initiate cascades of regulatorymaking it function as a “bistable switch1®) in agreement
events involved in adaptation to changes in the environmentalwith its function as a sensor.

gas concentration. In recent years, a class of heme sensors Recently, Delgado-Nixon and co-workeds) reported the
has been characterized in which binding to and dissociation characterization of DosH, a heme-binding PAS protein from
of small ligands, essentially carbon monoxide (CO) and Escherichia colithat has 60% sequence homology with
oxygen (Q), trigger molecular switches that eventually lead Fix| H, but is associated with a phosphodiesterase rather than
to modification of gene expression levels. The best-studied 5 kinase regulatory domain. The functional role of this protein
example is the rhizobial oxygen sensor FixL, which consists \yas also proposed to be oxygen sensit).(Interestingly,
of a heme-hinding PAS domain FixLH, and a histidine kinase despite the strong homology between FixLH and DosH, the
domain (—5). The activity of the latter domain is inhibited  heme coordination was found to be different. In all steady-
by binding of Q (and to a lesser extent CO and N@)(to state forms, the heme is six-coordinate, like in the CO-sensor
the PAS domain. Here the heme is five-coordinate in the protein CooA fromRhodospirillum rubrum(14, 15) and a
unliganded state, with histidine as the sole axial ligand, and nymber of recently discovered hemoglobins with mostly yet
six-coordinate when external ligands are bouhd7(-11). uncertain function {6—18). For DosH, in the absence of
These features are the same as in the oxygen-storage proteigyternal ligands, a methionine (Met 95) was propo<s), (
myoglobin, but the ligand-binding properties of the two ang subsequently showdq, 20), to act as a second axial
proteins are quite different. For instance, in FixL the O jigand. Thus, molecular oxygen must displace Met 95, and
affinity is much lower ¥) and the exchange between protein- the transfer of the sensing perturbation is presumably dif-
bound and solvent Ois much slower than in myoglobin,  ferent from that in FixL. Very recently, further spectroscopic

- and biochemical characterization studies of the Dos heme
69;3(‘:??(;5975.%’_?3;3 ﬁitr?é’.ﬁszgérf&yt?é?éhﬁiqﬁiﬁfﬁ??' Fax: 33 1 gomain as well as the whole protein have been reported

#INSERM U451, CNRS UMR 7645, Ecole Polytechnique-ENSTA.  (19—22). In particular, in the full-length protein, apart from
8 INSERM U473, 0O,, the activity of the regulatory domain was found to be
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influenced to a certain extent by CO and NO, and strongly
by the oxidation state of the heme, which led to the
suggestion that Dos might act as a redox seng). (The
determination of a crystal structure of the heme domain is
underway 23).

To understand the functioning of the sensing process, i.e.,
the pathway by which the perturbation induced by association
or dissociation of oxygen is transferred within the heme
domain, and the way different ligands are discriminated,
intermediates in this process must be characterized. A
powerful way to achieve this in heme proteins is to use time-
resolved studies, in which the ligand dissociation reaction
is synchronized by photodissociation from the heme. Using

femtosecond absorption spectroscopy, we have indeed re-
ported spectral evidence for intermediate heme-environment

conformations after dissociation of ligands, and in particular
O, from FixLH (12). In addition, the kinetics for CO and
NO were myoglobin-like, but for @extremely fast{5 ps)
and efficient (90%) rebinding was observed, which led us

to propose that the heme environment acts as a ligand-

specific trap. Even more efficient hem®, recombination
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Ficure 1. Ground-state absorption spectra of the different forms
of DosH used in this study. The spectra are normalized to the same
concentration. The spectral profile of the pump pulse and the probe
region in the transient absorption experiments are indicated by the
shaded area at the bottom and the bisided arrow, respectively.

was observed for DosHL@). Here we report femtosecond  measurements, degassed dithionite-reduced samples were
to nanosecond spectroscopic studies of dissociation andequilibrated under CO at various concentrations in 1- or
rebinding of the external ligands CO and NO, and the interal 4.mm optical cells. For each curve, at least 10 measurements

ligand Met 95, with DosH. Evidence for a very closed heme
pocket was found from the relatively pronounced geminate
recombination for CO and NO. The study was complemented
with measurement of bimolecular binding of CO on a longer
time scale. The ensemble of results, including in certain

were averaged, with at lead s between photolysis pulses
to allow sample recovery.

The family of normalized curves was fitted together, with
the same microscopic rate constakis, k-co, kv, andk_y
and ratio for differential extinction coefficients of the dif-

aspects unusual properties, is discussed in the context of tharant transient species involved, to a model taking into

function of the protein.

MATERIALS AND METHODS

The heme-containing Dos PAS domain fr@ncoli was
expressed and purified as describ&d)( All samples were
prepared in 50 mM Tris-HCI, pH 7.4. For the ultrafast mea-
surements, gastight optical cells with an optical path length
of 1 mm were used, and the protein concentration was ad-
justed to~60uM. The degassed as-prepared (ferric) sample
was reduced with excess sodium dithionite to obtain the
reduced nonliganded form (deoxy). To obtain the carbon-
monoxy form, the deoxy form was equilibrated with 1 atm
CO. To obtain the nitrosyl form, ferric DosH was reduced
with 25 mM dithiothreitol and subsequently equilibrated with
0.1 atm NO. The reduction and ligandation of the different
forms were monitored by the visible absorption spectrum,
using a Shimadzu UV¥Vis 1601 spectrophotometer.

Multicolor femtosecond absorption spectroscopy, using 30-
fs pump pulses centered at 563 nm and white light continuum
probe pulses, and data analysis in terms of decay associate
spectra (DAS) were performed as describ&®).(The laser
repetition rate was 30 Hz. The beams were focused360
um  (illumination volume ~2 nL) and the sample was

account competitive binding of internal and external ligands
(see Appendix). The fit function was calculated by numerical
integration (MicroMath Scientist, Salt Lake City, UT) of
equation (A2), under the conditions [Fe] 1, [FeCO]=
[FeMet95]= 0 att = 0, and weighting the resulting popula-
tion dynamics with the corresponding extinction coefficients.

RESULTS AND INTERPRETATION

Steady-state absorption spectra for the different ligation
and redox states of DosH used in this study are shown in
Figure 1, along with the spectrum of oxy-DosH2|. The
spectra are very similar to those published previou§y (
22) and reflect that for all states the steady-state configuration
of the heme is six-coordinat@@, 21). Thus, five-coordinate
spectra for the heme in DosH are not directly available. In
the following, transient spectra obtained after photodisso-
ciation of ligands will be presented and discussed. As a model
for five-coordinate spectra, the ferric and ferrous unliganded
spectra of FixLH ¢, 12) will be used to generate “steady-
gtate” difference spectra for comparison. The Soret band of
deoxy FixLH is very close to that of the DosH Met95lle
mutant (, 19), and similarly the generated FixLH unliganded
minusDosH CO-liganded difference spectrum (see Figure

continuously moved perpendicular to the beams to ensure4 below) is very similar to the published M95I DosH deoxy
sample renewal between shots. The pulse energy was adapteshinus CO-liganded spectrum1), indicating that this

to excite~20% of the illumination volume. All experiments
were carried out at room temperature.

CO bimolecular recombination kinetics in the micro- and

millisecond time range were measured at a detection wave-

length of 436 nm, after flash photolysis with 10 ns YAG

approach is reasonable. The time-resolved measurements
consist of excitation of the heme in its lowest lying transition
(a band) and probing the excited state and ligand rebinding
kinetics in the Soret band (Figure 1).

Ferric DosH.Figure 2A shows transient spectra at various

laser pulses of 160 mJ at 532 nm (Quantel, France). For thesalelay times after excitation of ferric DosH. At short delay
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Ficure 2: Photophysics and ligand rebinding in ferric DosH. (A)  Figure 3: Photophysics and ligand rebinding in reduced DosH.
Transient absorption spectra at various delay times. (B) Decay- (A) Transient absorption spectra at various delay times. (B) Decay-
associated spectra of the decay componertps. The solid gray associated spectra of the decay compone@ps. The solid gray
line represents the steady-state FixLH minus DosH difference |ine represents the steady-state FixLH minus DosH difference
spectrum for the respective ferric forms, normalized on the gpectrum, for the respective reduced unliganded forms, normalized
bleaching part of the 20-ps DAS. Inset in A: kinetics at 400 im ( gp the bleaching part of the 35-ps DAS. Inset: comparison of the
> 400 fs). constant phase (dashkotted line) with the steady-state DosH
oxidized minus reduced-unliganded spectrum (grey solid line),
times, the spectra are dominated by the bleaching of thenormalized at the bleaching part.
ground-state Soret band-a#118 nm and increased absorption
at both the red and blue side of this band. The major part of incomplete heme relaxation after dissociation. The disrupted
the bleaching, and the red-side increased absorption, decayond is reestablished with a time constant of 20 ps.
in a few picoseconds (see Figure 2B for an analysis in terms Deoxy-DosH Excitation of ferrous deoxy-DosH leads to
of DAS). Therefore, they can be ascribed to decaying excited spectral changes that are dominated by a strong red shift on
states (cf. refd2 and 24). the time scale up te-100 ps (Figure 3A). Global analysis
The remaining spectrum (9-ps spectrum in Figure 2A) is reveals several decay phases on the subpicosecond (not
characterized by a small bleaching around 420 nm and ashown) and picosecond time scale (Figure 3B). The faster
broad increased absorption at the blue side, extending todecay phases, with time constantsdf.55 and~2.3 ps (not
below 380 nm. This spectrum decays to O with a time shown), presumably reflect excited-state de@y# 28). The
constant of 20 ps (Figure 2B). The characteristics of this (red-shift) shape of the transient spectra remaining after the
phase are not indicative of excited states, which invariably decay of these phases indicates the dissociation of an internal
display red induced absorption and decay fa28). (As the ligand from the heme. Indeed, the DAS of the picosecond
Soret absorption of five-coordinated ferric forms is at higher decay phases (see below) shows resemblance with the steady-
energy than the six-coordinated forn6), a blue-shifted state FixLH (five-coordinate) minus DosH spectrum (Figure
spectrum is consistent with dissociation of an axial ligand 3B). Therefore, these decay phases should reflect rebinding
from the heme. Therefore, we suggest that the bond betweerof the dissociated sixth ligand Met 95. The shape of the DAS
the heme and Met 95 is dissociated in a fraction of the excited is somewhat perturbed with respect to the model steady-
hemes. The 20-ps DAS is indeed roughly similar in shape state difference spectra; in particular, the induced absorption
to the steady-state five (FixLH) minus six (DosH)-coordi- is relatively weak. This feature is also observed upon the
nated difference spectrum (Figure 2B). The overall blue shift dissociation of external ligands (see below and Discussion).
appears less extensive, however, possibly indicating a Using a multiexponential decay model, we found decay
loosening rather than dissociation of the bond, or otherwise phases with time constants of 7 and 35 ps and very similar
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FIGURE 4: Transient kinetics of reduced DosH at 426 nm (lower 0N Spectra at various delay times are shown. The gray lines repre-
trace) and 440 nm (upper trace). Inset: rate distribution obtained S€Nt the steady-state DosH unliganded minus DosH NO-liganded

from a maximum entropy analysis of the 426-nm kinetics. (dashed) and FixLH unliganded minus DosH NO-liganded (solid)
spectra normalized on the bleaching part of the 3-ps transient spec-

. . ... .. trum. Inset: kinetics at the induced aborption maximum (438 nm).
spectral properties (Figures 3B and 4), strongly indicating

that they reflect the same process (i.e., methionine rebinding
to heme). To discriminate between true biexponential decay
and a distribution of decay rates, we also performed a kinetic
analysis with a maximum entropy metho2) and found

two clearly distinct rates (inset Figure 4). This strongly
suggests that recombination occurs from two distinct con-
formations of the heme environment.

Intriguingly, after these decay phases, the ensemble of
proteins has not returned to the initial six-coordinate state,
as would be expected after recombination with an internal
ligand. A small but significant spectral change persists (300-
ps spectrum in Figure 3A) and does not decay within 4 ns

(gata not shog\{?f). Th'i Chanﬁ]e han Srf ect_ral CharagtS”S“C%GURE 6: Ligand rebinding of CO with DosH. Transient absorption
that are very different from those of the picosecond decay gpecira at various delay times are shown. The gray lines represent

phases: it consists of blue shift rather than a red shift,  the steady-state DosH unliganded minus DosH CO-liganded
implying that it does not reflect five-coordinate heme. (dashed) and FixLH unliganded minus DosH CO-liganded (solid)
Moreover, it cannot reflect a thermally excited heme, since ;ﬂ?ﬁ%g&f“&ﬂ;&ig‘; :Eg mgﬁggygt?:g: Ot‘;c:';em3£fmt[fr‘r'ﬁfgé ?IF:T?)C
_(a) this would give rse to a red shit, and (b) th? Soret band compared to the corresponding kinetics gf FixtHO (439 nm).
is known to be relatively temperature insensitia,(30).
The most likely candidate for a blue-shifted heme is ferric
heme. The inset in Figure 3B shows that the long-lived to the “model” steady-state FixLH unliganded minus DosH
spectral component corresponds remarkably well to a steady-NO-liganded difference spectrum, as observed previously,
state oxidizedminusreduced difference spectrum of (six- in a stronger way, for @dissociation from DosH1(2).
coordinate) DosH. Therefore, we assign this feature to photo- In DosH, NO rebinds to the heme in an extremely fast
oxidation of the heme. Assuming the 7- and 35-ps phasesand efficient way (Figure 5, inset). As in most ligand-binding
together represent 100% recombination of the methionine, heme proteinsi(2, 31—34), the recombination of NO with
and using the steady-state reduced-unliganded Fixiitrlis the heme was found to be nonexponential. Global analysis
DosH and DosH oxidizedhinusreduced spectra as model in terms of a multiexponential decay model resulted in time
spectra, we estimate that the quantum yield of the hemeconstants of 5 ps (85%) and 20 ps (15%) with very similar
oxidation is 4-8% (depending on the normalization of the spectral characteristics (not shown), whereas the overall
FixLH minus DosH spectrum and the DAS of the 7- and decay amounts ta>99%. Thus, rebinding of NO occurs
35-ps phases). It remains to be determined whether intra-significantly faster than rebinding of the internal ligand
protein charge recombination occurs on a time seadens. methionine (see above). Also, the efficiency of NO rebinding
We note that our experimental conditions (sample renewal on the picosecond time scale is higher than that reported for
between shots, low excitation energy, and excess reductanthll other heme proteins, including the NO receptor guanylate
prevent net photooxidation of the sample. cyclase (97% of monoexponential rebinding in 7.5 35) (
DosH-NO. As with other ligation states, excitation of DosH-CO. Transient spectra after dissociation of CO
DosH-NO leads to spectral changes on the time scale of from DosH are shown in Figure 6. Small spectral evolutions
~1 ps that can be ascribed to excited state dynamics. Ontake place on the time scale of a few picoseconds and less;
the time scale> 3 ps the shape of the spectra does not changethese are presumably related to excited-state dynaigs (
(Figure 5) and presumably reflects NO-dissociated heme. The transient spectra on the picosecond time scale indicate
Comparison with the steady-state difference spectra indicateformation of CO-dissociated heme. As with the NO-bound
that the heme is five-coordinate, rather than six-coordinate, and deoxy transient spectra, the transient spectra are per-
but the transient spectra are perturbed somewhat with respecturbed somewhat with respect to the “model” steady-state
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Table 1: Decay Phases of Geminate and Internal Ligand

Recombination of Different Redox and Ligation Forms of DasH
decay rel.
phase ampl. assignment
ferric 20 ps rebinding of a fraction of
dissociated Met 95
deoxy 7ps 0.53 - . .
35 ps 0.47 rebinding of dissociated Met 95
>4ns partial heme oxidation
CO 15ns 0.60 geminate recombination
>4ns 0.40 CO escape from protein T T T T T T
NO gopss 8?2 geminate recombination 6 S5 4 3 2 4 0
>4r;s O. log time (s)
op 5.3 ps 0.96 geminate recombination Ficure 7: Normalized transient absorption after CO dissociation
>4ns 0.04 Qescape from protein from DosH on the microsecond to second time scale, monitored at

- - - — . A =436 nm. The CO concentration in the measuring solution was
a Asymptotic phases in the ultrafast experiments are indicated 4s 10 uM (upper), 100uM (middle), and 1 mM (lower). Note that
ns". °Ref 12 for hexacoordinate globins, the observed external ligand affinity
Kco at equilibrium depends on the competition with the internal
ligand and therefor&co(M™1) = (keok_co)/(1 + kw/k_wm).

FixLH unliganded minus DosH CO-liganded difference

spectru.m ,(S,ee Discussion). , attributed a phase 080 us only to binding of the internal

No_ significant further spectral evo[uuon takes place on ligand, as the amplitude was reported to be independent of
the time scale up to a few hundred picoseconds, but on theyhe CO concentration at the detection wavelength of 425 nm.
nanosecond time scale substantial decrease of the signal ispe proximity of this wavelength to the isosbestic point
observed. This contrasts with the situation in most other hemepanveen CO and methionine binding to the hert® @nd
proteins, and in particular in FixLH, where geminate rebind- ne fact that the slower, millisecond phase, was not recorded
ing of CO usually does not or hardly occur. Our data can be i these experiments presumably have prevented the assess-
fit with a single-exponential decay with a time constant of ent of a dependence of the amplitude of this phase, as
1.5 ns and amplitude 0£60% (the remaining 40% decays clearly observed in the present work.
on a time scale beyond the temporal window of the p¢mp  The mijllisecond phase, which is strongly CO concentra-
probe apparatus, see below). Theapeof the transient  {ion-dependent, is assigned to replacement of methionine by
spectrum does not change up to 4 ns, which implies that thec a5 the sixth heme ligand. The family of curves could be

coordinating of the CO-dissociated hemes does not chang&easonably fitted together with the same rate constagis
up to this time, consistent with nanosecond resonance Ramark, ‘andk_, (see Appendix, for low values & co, the fit is

data @0). _ independent of this parameter) using the model, and the
~ In recent transient resonance Raman data on DosH, nokinetic parameters of Figure 8A. The best simulation gives
indication for CO rebinding was found up to 1 r&0). We a value of 0.7 0.05 for the ratittss = (€remetos— €recd!

are able to assess significant_decay_on this time scal_e (Figurer, — ereco of the extinction coefficients at 436 nm for

5, inset) due to the longer time window and possibly the the involved difference spectra. When comparing this value
higher signal-to-noise ratio allowed with transient absorption to that expected from the difference between the steady-state
measurements. Our finding of 60% geminate recombination spectrum of reduced unliganded of FixLH (as a model
of CO with the heme implies that tfguantum yieldof CO spectrum for the pentacoordinate unliganded ferg) and
diffusion out of the protein upon photodissociation does not posH-CO, we find a value ofuzs = 0.42. However, using
exceed 40%. We note that multiple excitations within a flash the unliganded minus CO-liganded difference spectrum that
|Onger than the 1.5 ns recombination time allow hlghel’ erIdS we observe at 4 ns (Figure 6), we find a Va|ue(n§6 =

per flash Indeed, Gonzalez and co-workers9), using (.72, This latter value is much closer to the value found from
intense 6-ns flashes, reported as much as 80% CO dissociafitting the microsecond and millisecond data, therefore

tion on the microsecond time scale. o strongly indicating that the heme environment has not
~ The ensemble of picosecondanosecond kinetic data on  evolved to an equilibrium pentacoordinate conformation close
ligand rebinding in DosH is summarized in Table 1. to that of FixLH (and to that of the M95| mutant of DosH,

Microsecond Spectroscopy of DosBBO. The heme which has a very similar spectrum, (19)) on the micro-
rebinding kinetics upon photodissociation of CO from DosH second time scale. Consistent with these findings, we could
on a longer time scale, monitored at 436 nm, are shown in also reasonably simulate the transient spectra on thes50
Figure 7. They exhibit a typical biphasic pattern, with the to 1 ms time scale reported by Gonzalez and co-workers
rates of the fast{100us) and the slow (millisecond) phases (19) with the static CO and deoxy spectra@bsHand the
depending moderately and strongly, respectively, on the CO4-ns pentacoordinate spectrum extracted from our fast
concentration. The relative amplitude of the fast phase kinetics (not shown).
increases with increasing CO concentration. Therefore, we The analysis yields a value of 1:010* s~ for the intrinsic
assign this phase to competitive binding of the internal (Met rate constant of Met 95 binding to CO-dissociated heme.
95) and external (CO) ligands; the overall rate involving the This value is slightly lower than the value of 1:210* s™*
sum of the ligand association rates. This assignment differsreported previouslyl9), due to the now assessed competition
somewhat from that of Gonzalez and co-workdr9) (based with CO binding, as discussed above. An important point is
on similar experiments on a more limited time window. They that this process is about 7 orders of magnitude slower than
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Ficure 8: Schemes for CO and Met 95 binding with DosH. The protein moiety is represented by the hatched circles. (A) Summary of
experimentally observed rate constants obtained from the ensemble of our CO-flash photolysis experiments. (B) Proposed scheme of
microscopic rate constants consistent with the ensemble of our data. As discussed in the text, we propose that displacement of Met 95 from
its heme-bound position occurs efficiently only in the presence of the (CO) external ligand near the heme pocket. The differently hatched
protein representation at the lower right reflects a relaxed heme environment, invoked to explain the difference in bimolecular binding rates
obtained with mixing experiments and with flash photolysis experiments.

Met 95 rebinding after Met 95 photodissociation (Figure 3), ated ligand on the picosecond time scale for NO apdral,
indicating substantial structural rearrangements in the hemefor CO, before the microsecond time scal&dj( see below).
pocket upon replacement of Met 95 by an external ligand By contrast, dissociated Met 95 rebinds over 6 orders of mag-

(see Discussion). nitude faster (at slowest in35 ps, Figures 3 and 4), clearly
Using flash photolysis, the bimolecular CO binding rate implying the presence of intermediate conformation(s) in the
to hexacoordinated DosH is calculated to key(kv)kco = heme environment after dissociation of CO and before for-

48 x 10° M1 s7L, Interestingly, this is substantially higher mation of a near-equilibrium heme environment (see below).
than the values reported by single-wavelength stopped flow The presence of such intermediates can also be inferred from
(1.1 x 10* M1 s1 (13)). In addition, by rapid mixing the transienspectrareported for CO and NO dissociation.
experiments using a diode-array spectrophotometer (data noThese spectra, while inconsistent with a six-coordinate
shown), we observed 3 times slower kinetics than the rate transient heme configuration, were found to be significantly
of binding predicted by the microscopic constants measureddisturbed with respect to the expected steady-state five-coor-
by flash photolysis on the same sample. This difference in dinate spectra, in a similar way as we previously observed
flash photolysis and mixing-type experiments may indicate for dissociation of ligands from FixLH1@Q). In particular,

an additional slow protein relaxation after ligand release. This the reconstructed absolute spectra for the ligand-dissociated
transition is tentatively indicated with dashed arrows in intermediates were found to be blue-shifted with respect to

Figure 8B. the “model” five-coordinate spectrum of FixLH in the order
CO—NO—0; in a similar way as previously found for FixLH
DISCUSSION (not shown, cf. Figure 6 in ref2). The similarity with the
Our present results on the heme domain DosH complementifansient spectra for FixLH suggests that similar structural
our previous report including the DosHD, complex (12) elements in the heme pocket are involved, and that the (Dos-

and have resulted in the assessment of a number of unusua?Pecific) Met 95 is far enough displaced from the heme not
properties of ligand dynamics. Some of these properties arel© Strongly influence the heme spectrum in these ligand-
clearly different from those previously assessed in the sensordissociated intermediates. This observation is in general

domain FixLH (L2). agreement with the much slower rebinding of Met 95 after
Transient Spectra and Heme CoordinatiGor all external ~ dissociation of the external ligand (see below).
ligands studied (CO, NO, and,®12)), dissociation of the We note that qualitatively similar results of nonrebinding

six-coordinate ferrous heme initially leads to a spectrum that of the internal sixth ligand after dissociation of the external
is consistent with a five-coordinate heme. Coordination with ligand CO were reported for the CO-sensor CooA (although
Met 95 was not observed before rebinding with the dissoci- a detailed spectral comparison was not maag), (suggest-
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ing that the presence of such intermediates in the hemeacterizations by Raman spectrosco@®,(21). Finally, as
environment is a universal feature for heme-based sensorsindicated in Results, a further relaxation phase (depicted by
Dynamics of External Ligand3he dynamics of geminate  a change in hatching of the protein moiety in Figure 8B)
rebinding of the external ligands CO and NO was found to may take place on a longer time scale. Further studies on
be more efficient than in FixLH. NO, which is known to the heme domain as well as on the holoprotein should
have a very high affinity for heme, rebinds with time provide more insight into this putative transition and its
constants (5 and 20 ps) similar to those found for other hemepossible functional role.
proteins, including myoglobin3d, 36, guanylate cyclase More generally, the scheme of Figure 8 may be useful to
(35), and FixLH (12). However, the yield of rebinding,  discuss the ensemble of ligand dynamics in hexacoordinate
>99%, is the highest known for the picosecond time scale, ligand-binding heme proteins and help to characterize their
and indicates that NO essentially cannot escape from thecomplex bimolecular ligand-binding propertieiss( 38, 39).
heme pocket. CO does not rebind on the picosecond timewe note that the ensemble of kinetic phases observed in
scale, but shows a strong (60%) geminate recombinationDosH is not necessarily always retrieved by flash photolysis
phase of 1.5 ns. After that in the CO-sensor protein CooA experiments. For instance, in the bacterial CO-sensor CooA,
(28, 37), this rebinding represents the most pronounced CO the only other hexacoordinate heme protein for which both
geminate recombination known in a monoheme protein. With geminate and bimolecular ligand binding dynamics are
the previously reported high yield of@combination (Table  presently available, internal ligand binding does not occur
1, (12)), the ensemble of data indicate that the heme pocketprior to CO rebinding 40).
of DosH constitutes an extremely closed shelter for ligands,  pjssociation and Rebinding of the Intrinsic Sixth Axial
favoring the rebinding of ligands to the heme in a stronger | jgand.We have obtained strong indications that, in DosH,
fashion than for the homologous FixLH heme domain. These the hond of the ferric heme with the intrinsic sixth axial
differences presumably are related to the observed lower|igand, Met 95, is broken or at least weakened, in a fraction
ligand off-rates for DosH with respect to FixLH. The  ofthe excited proteins (Figure 2). Whereas photodissociation
differences suggest that the heme pocket is not only modifiedof intrinsic axial ligands from ferrous hemes has been
with respect to FixLH in the deoxy, six-coordinate heme- reported before (see below), this is to our best knowledge
ligation state 19), but also when the heme coordinates tne first instance of such a process in a ferric heme. The
external ligands. The molecular origin of these differences pond is reestablished in-20 ps, a similar time scale as
remains to be explored by spectroscopic studies of mutants.repinding of Met 95 upon dissociation from ferric heme (see
Apart from Met 95 (lle in FixLH), one might speculate that  pelow), which may suggest that the rebinding speed is not

the replacement of Leu 236 in FixLH to Phe 113 in DosH, determined by electronic interactions, but rather by steric
as deduced from the sequence alignment ofiB2finduces interactions.

steric mOd'f'CQt'onS in the h_eme pocket. ) . Photodissociation of Met 95 was also observed from the
C_O _Reblndmg.Qur studies on CO dissociation and ferrous heme (Figure 3); judging from comparison with the

rebinding cover a time span from femtoseconds to seconds,q 5y transient spectra of CO and NO dissociation with near-

and include geminate rebinding, internal ligand binding, and iry quantum yield. Transient spectra have been interpreted

ligand replacement phases. The ensemble of the result§, tgrms of dissociation of internal axial ligands from reduced
allows elaborating a minimal scheme of microscopic rates o o previously, notably for the CO-sensor CodZ8)(

associated with these processes (Figure 8B). Briefly, dis-\\hare the axial ligand is now known to be a prolir)

socia_ted CO rebinds to heme (2.5 ns) or diﬁ_‘L_lses out o_f the 5nd for cytochrome (42, 43, where heme axial coordination
protein (3.8 ns). We cannot exclude that additional geminate ;g gimilar (His-Met) to DosH-In both CooA and cytochrome

repinding oceurs on a timg scale Qﬂcﬂ s, but the high c the dissociated ligand has been reported to rebind with a
microsecond photodissociation yield suggests that suchyjme constant o7 ps. In DosH, we found clear evidence
rebmdmg WOU.|d not be substantlal. Met 95 blnq§ to the heme ¢4 wo distinct, but spectrally very similar, rebinding phases
in 100us, at high CO concentration in competition with CO | i+, roughly equal amplitudes (Figures 3 and 4) and time

diffusion into the protein (6< 10° M™* s™) and subsequent  qstants of 7 and 35 ps. This indicates that rebinding occurs
binding to the heme. We suppose that the kinetics of CO o o conformations, presumably differing in methionine
moving in to and out of the protein are similar whether Met ,ition or orientation, but with similar constraints on the

95 is bound to_ t.he heme or not, but that.Me't 95 can only_be heme. These conformations may be populated (a) sequen-
detached sufficiently long to allow CO binding when CO'is a1y in time, i.e., photodissociation initially leads to one

present near the heme. The latter proposal is inspired by thegisgociated-methionine conformation which decays, in 7 ps,
observed very fast rebinding of dissociated Met 95 in the i, haraliel back to a six-coordinate heme conformation and

absence of external ligands (Figure 3), and suggests that thg,, 5 second dissociated-methionine conformation, which itself
presence of CO (or near the heme acts as a molecular yecompines in 35 ps or (b) in parallel, possibly reflecting
yvedge to displace Met 95. Th? time constant of dissocia- 14 different conformations present already in the initial six-
tion of CO from the heme (36 s) is derived from the reported .5 ginate state. At present, we cannot discriminate between
Ko 0f 0.011 s (13) (combining our kinetic data with affinity  {hese two schemes. The assessment of different methionine-

measurements (not shown) we found a similar value) and gissqciated conformations close to the bound configuration
the geminate recombination yield.

The difference in bimolecular CO binding to penta- and

_ ; i ; ik 1 The photon energies used in the cytochramstudies (excitation
hexa- (Met 95) coordinate DosH indicate that in equilibrium, in the blue and near-UV) were substantially higher than in our present

and in the absence of external ligane€8% of the reduced  syydy, where the excess energy was minimized by exciting in the lowest-
hemes are hexacoordinate, in general agreement with charitying optical transition of the heme, near 563 nm.
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may be relevant for future determination of the way oxygen Concluding Remarka/Ne have presented a survey of the
replaces methionine as a ligand. In this context, it is inter- dynamics of intrinsic and three different external ligands after
esting to note that the rebinding of dissociated methionine dissociation from DosH. We provided evidence for several
occurs on a slower time scale than the rebinding of the intermediates which can be significantly populated by flash
dissociated external ligands,@12) (and also NO). This  photolysis and for which it will be useful to further determine
suggests that upon (thermal) dissociation of methioninge, O the characteristics using time-resolved vibrational techniques.
once present near the heme pocket, could efficiently competeA common feature emerging from the ensemble of data on
for binding to the heme. The presence of two distinct DosH is that recombination with external ligands occurs with
methionine-dissociated conformations could indicate a spe-a very high speed and yield (for NO even 100%), indicating
cific pathway for its motion away from the heme to a very confined heme pocket. In another heme-based sensor
accommodate an external ligand. Molecular dynamics studieswhere the sensed ligand replaces an internal heme axial
on the basis of the forthcoming crystal structu?&)(may ligand, CooA, a similar feature was observed (at least with
help to clarify these issues. the physiological ligand CO)2@). Thus, it would appear
The identified short-lived six-coordinate methionine- that highly efficient recombination of external ligands is a
dissociated conformations of the heme pocket must be general feature for ligand-binding six-coordinate proteins,
different from the configuration(s) obtained after dissociation an issue that can be addressed by ultrafast studies on other
of external ligands, where methionine binding to the heme six-coordinate proteinsd6—18). These studies may also help
does not occur on the picosecond time scale. Clearly, theto characterize the complex bimolecular ligand-binding
presence of the external ligand near the heme prohibitsproperties in these protein8§ 39).
methionine to approach the heme, but even after diffusion The phosphodiesterase activity of reduced Dos is inhibited
of dissociated CO out of the heme pocket methionine binding by O,, but, presumably to a lesser extent, also by CO and
takes as long as-100 us. Altogether, the kinetic studies NO (22). The relatively high yield of CO dissociation on
convey that major structural rearrangements, with multiple the time scale beyond picoseconds may make the CO-bound
intermediate configurations, occur in the heme environment form of Dos the best adapted model to study the molecular
during the exchange of methionine and external ligands. mechanism of theeleaseof the inhibition. With this pros-
During none of the observed intermediates, including that pect, we have developed a minimal CO binding scheme from
on the microsecond time scale after CO dissociation but prior the ensemble of data available on the femtosecond to second
to methionine binding, the heme spectrum is close to that of time scale. However, the heme-based sensors can be regarded
the five-coordinate FixLH spectrum. This suggests that a as bistable switchedl®), and the mechanisms of the tran-
FixL-like heme environment is never adopted. This observa- sitions in both directions are physiologically relevant. Our
tion is in general agreement with the assessment that in DosHresults indicate that, in Dos, the regulatory mechanism may
for Met 95 to approach the heme iron, the heme domain also be tackled starting from the other position of the switch,
must be substantially distorted with respect to FixLH9)( as at least the early intermediates of dresetof inhibition
and indicates that this distortion influences the heme con- may be populated by dissociation of the internal methionine
figuration even when Met 95 is not ligated to the heme. In ligand.
the same line, using molecular dynamics methods, we have
attempted to construct a model of the DosH structure using APPENDIX

the crystal structure of FixLH8) as a template. Whereas  The microsecond/millisecond data are analyzed in terms
the general PAS domain structure is well conserved with of 3 model involving three ligation states of the heme, the
this approach, complications arise when modeling the distal co-hound hexacoordinate state FeCO, the pentacoordinate
heme environment due to the substantial rearrangementsstate Fe and the Met95-bound hexacoordinate state FeMet95
imposed by the introduction of a bond between the heme Tpjs is a simplified scheme of that presented in Figure 8A,

iron and the methionine Sulfur atoms. . excluding the (faster) geminate phaseS,
Electron Transfer.Our data show a quite unexpected

feature in the relatively stable-@ ns) reduction of the ferrous K co K
heme upon excitation of the reduced deoxy protein (Figure FeCO=— Fes==FeMet95 (A1)
3). We are not aware of any other example of direct photo-

oxidation of hemes in a heme protein. The low quantum yield in which keo andk_co are the bimolecular rate of CO binding
(4—8%) of the process prevents us from establishing whethertg the pentacoordinate heme, iron and the (thermal) CO
oxidation occurs directly from the excited state or after re- dissociation rate, respective]y’ ah,d and ka are the rates
combination of the dissociated methionine. The correspond-for Met 95 binding and dissociation, respectively. The
ing electron acceptor has not been identified; one might corresponding set of coupled differential equations reads:
speculate on the possibility that the electron initially resides

on the dissociated methionine and can be transferred to a d[FeCO]

subsequent electron acceptor prior to rebinding. Whatever gt KedlFellCOl — k_[FeCO]  (A2a)

the mechanism, our observation is interesting in light of the diE

recently reported and possibly physiologically relevant inacti- [Fe] _ —keo[FEJ[CO] + k o [FeCO]—

vation of the Dos regulatory domain by ferric heme in the dt

heme domainZ2). Combining these observations indicates kylFe]l + k_y[FeMet95] (A2b)
that optical spectroscopic techniques may also be used to dIEeMet95

i is inactivati i eMe
study the molecular mechanism of this inactivation, and, in [ ]: —k_,[FeMet95]+ k,[Fe] (A2c)

extremis, might even imply that Dos can act as a light sensor. dt
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Note that the solvent CO concentration [CO] is usually the 16
equilibrium value [CO{, depending on the gas partial
pressure and solubility coefficient; however, at low CO levels ;7
one must take into account the CO photodissociated from

the protein which varies in time and depends on the fraction 18.

(f) of protein bound with CO:

19.

[CO] = [CO], + [protein] (1— f[FeCO]) (A3)

20.

For constant CO concentrations, solving the set of equations
(A2) yields biexponential kinetics for the population dynam-
ics of the three species. Flrco < ky, k-mkeo[CO], as is

the case in DosH (see Discussion), the two observed rates 22-

k; andk, read:

23.

k1,2 =ky + koy T keo[COJ £
J(ky + Ky + kea[COI? — 4(K_ykeolCON/2 (Ad)

25.

It is straightforward to show that for the conditions [Fe]

1, [FeCO]= [FeMet95]= 0 att = 0, and with extinction
coefficientS ereco €re, @nd eremerss for the three different
species, the overall transient absorption kinetics are of the
form:

26

29.

AA(t) ~ kl%kz«(epe— erec(ky — K ) —

(€Femetos™ 6Fe(:&k|\/|)e7k1t + (€pe = €reco(koy — ky) +
(€Femetos ™ GFeCO)kM)e_th) (A5)
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