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Abstract: CooA, which is a transcriptional regulator heme protein allosterically triggered by CO, is studied

by femtosecond visible-pump mid-IR-probe spectroscopy. Transient bleaching upon excitation of the heme in
the Soret band is detected-a979 cnt?, which is the absorption region of the CO bound to the heme. The
bleach signal shows a nonexponential decay with time constants of 56 and 290 ps, caused by the rebinding of
the CO to the heme. About 98% of dissociated CO recombines geminately. The geminate recombination rate
in CooA is significantly faster than those in myoglobin and hemoglobin. The angle of the bound CO with
respect to the porphyrin plane is calculated to be abobtiton8the basis of the anisotropy measurements. A

shift of the bleached mid-IR spectrum of the bound CO is detected and has a characteristic time of 160 ps. It
is suggested that the spectral shift is caused by a difference in the frequency of the bound CO in different
protein conformations, particularly in an active conformation and in an intermediate one, which is on the way

toward an inactive conformation. Thus, the biologically relevant conformation change in CooA was traced.
Possible assignment of the observed conformation change is discussed.

Introduction

Several heme proteins were recently found in which biological
function is triggered by the binding of small molecules such as
NO, O,, and CO. Guanylyl cyclase is an NO sensényhile
FixL, HemAT, and Dos proteins are sensors foz3® and
CooA is a sensor for CO:1° CooA is a homodimer of 24.6
kDa subunits containing a protoheme found in a photosynthetic
bacterium,Rhodospirillum rubrunf.R. rubrumcan grow with
carbon monoxide as its sole energy souUft€o0A is a CO
sensor, which functions as a transcriptional activator. CO is a
unique messenger to trigger DNA binding in CooA protein. The
only other molecule found which is able to bind the heme of
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the wild-type CooA is NO, though it does not induce CooA to
bind its target DNALL-12 As the biological function of CooA is
triggered by binding with CO, it is important to study the CO
binding reaction and geometry of CO ligation. In this work,
we study the C&CooA binding and dissociation processes by
means of time-resolved spectroscopy with a subpicosecond time
resolution. Photoexcitation of the heme in the CO-bound CooA
triggers CO dissociatiok'* If CO escapes from the heme
pocket, recombination is a slow bimolecular reaction. Nano-
second flash photolysis has shown that nongeminate rebinding
of CO from solution proceeds on a millisecond time scale with
a rate constant of10 M s)~1.13 The electronic absorption
and EPR spectra indicate that the CooA heme in its ferrit! YFe
ferrous (F8), and CO-bound states is low-spin and six-
coordinate®*13|t was shown that Cys75 is the axial ligand in
the ferric heme on the proximal side, but it switches to His77
in the ferrous forn?:!> The X-ray structure of CooA showed
that the second ligand of the ferrous heme without CO is an
N-terminal group of Pro2 from the opposite subunit in the CooA
homodimer® Therefore, replacement of this ligand by CO is
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probably one of the key events that trigger the allosteric steric hindranc®3° and distal pocket polarit§2=42 were
conformational change, which results in DNA binding. Contrary considered to be important for the binding of small molecules
to this, CO dissociation causes a CooA conformational changeto heme. On the other hand, variations in the stretching
from the functionally active structure to the inactive one. The frequencies of the bound COvd-o and vee-co) in the
CooA conformational change caused by CO photodissociation myoglobins, including their mutants, were shown to be mostly
can be monitored by means of time-resolved spectroscopicdetermined by the polarity of the distal pocket and could not
methods. In this work, we focus on the geminate CO rebinding be explained by geometrical bond distortidfis?3
to the heme monitoring the IR absorption spectra of the bound In this paper, we report the dynamics of CO dissociation,
Co. geminate rebinding of CooA, and conformational changes of
The spectroscopic properties and dynamics of CooA were the heme protein at a very early stage after CO dissociation by
compared to other heme proteins, particularly hemoglobin (Hb) subpicosecond time-resolved mid-IR spectroscopy. The bleach
and myoglobin (Mb). These proteins were intensively studied spectrum of the bound CO stretching mode is found to evolve
by various spectroscopic methods combined with site-directed over time. Different frequencies of the bound CO observed are

mutagenesis (for examples, see ref—BB). It was shown
spectroscopically that CO is bound to the heme of Mb/Hb along
a direction tilted at an anglex of ~7—10° from the normal to
the heme plan&—28 Although these results are in disagreement

thought to arise from different protein conformations. The angle
of the bound CO in CooA is determined to b&8° to the heme
plane. Conformational changes around the heme take place with
a time constant 0f~100 ps. The rate of CO recombination with

with earlier X-ray analysis, they have recently been supported heme is significantly faster than those for Mb and Hb.

by a new X-ray experiment with higher spatial resolutién.

Upon electronic photoexcitation of the heme, CO dissociates Experimental Section

with an essentially unit probabilii2 About 96% of the
dissociated CO leaves the protein pocket in Mb, with only 4%
recombining geminatel? In Hb, the percent of CO that

A. IR Spectrometer. The UV—visible pump mid-IR probe spec-
trometer is based on a Ti:S laser system consisting of a generator,
regenerative amplifier, and optical parametric amplifier (OPA) (Spectra

recombines geminately depends on quaternary protein Struc-ppysicsy The OPA is pumped by a pulse train of 800 nm light with
ture!® The geminate recombination time constant has been a subhundred femtosecond pulse duratiom 4 kHz repetition rate

reported to be-100 ns for Hb in the R sta#€ and about several
microseconds for M# and Hb in the T stat&® In some cases,

and power of 450 mW. This gives about-500 «J total energy for the
signal and idler pulses. The signal and idler pulses, separated by a

however, recombination is much faster; the recombination of dichroic mirror, passed through an optical delay line and recombined

NO with Mb30is on the subnanosecond time scale. Two factors,
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by a second dichroic mirror in a type | AgGa$rystal of 2 mm
thickness for difference frequency generattdéithe bandwidth of the
mid-IR pulses is about 150 crh The mid-IR beam is divided into

two parts, the probe and the reference, by a 50% Al mirror on a CaF
substrate. The probe beam is focused onto a sample cell by a 12 cm
CaF, lens, yielding a spot size 6¥120um. The second harmonic (SH)

of the residual fundamental light after the OPA is used for an excitation
pulse (pump pulse) in this experiment. The pump pulses are chopped
at half of the repetition rate of the laser pulses and passed through a
variable delay line, variable neutral-density filter, and half-wave plate.
They are focused onto the sample cell by a 17 cm lens resulting in a
spot size of 15Q:m. Finally, the probe and the vertically displaced
reference beams are focused onto the entrance slit of a monochromator,
in which a mirror is installed to separate two beams into two outputs.
Two mercury cadmium telluride (MCT) detectors (Kolmar Technolo-
gies) with active sizes of 2 2 mn¥ and built-in amplifiers are attached

to the monochromator. The instrument response function (fwhm) is
estimated to be less than 250 fs by measuring the electronic response
of a thin silicon plate. The instrument is controlled by a homemade
program, which allows variable time steps in one scan.

The anisotropy measurements are made by rotating the polarization
of the pump beam with the half-wave plate. About 10 scans with
alternating polarization of the pump are performed to obtain anisotropy
data. A baseline noise level of 10~# absorbance in an accumulation
time o 2 s (thousand pulses for each case, with and without pump)
was achieved.

B. Sample Preparation.Production and purification of the CooA
protein were performed as recently describ&dThe final heme
concentration of the CooA sample wa4.5 mM. Trisoboric acid buffer
with a pH of 8.0 was used. Water was exchanged40 Dy a repeated
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Figure 1. Transient absorption spectra of Coo&0 and Mb-CO
measured at 1.4 ps time delay and for perpendicllpflarizations

of the pump with respect to the probe polarization. Spectral resolution
is 3.6 cnT?, and pump energy is 300 nJ/pulse. The Gaussian fit is shown
at the full width at half-maximum of 13.8& 0.3 cn1™.
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dilution/concentration procedure. The estimated amount & kft
was less than 5%. The CooA sample with the heme in ferric form was

degassed and reduced by an excess amount of sodium dithionite. The

CO-bound CooA was prepared by introducing gaseous CO into the
reduced sample. The sample cell was filled in a glovebox under a
nitrogen atmosphere.

C. Experimental Conditions. The sample cell was made of two 1
mm thick Cak windows and a spacer of 0.2 mm. The sample cell was
kept constantly spinning to avoid heating and degradation. The spin

rate was adjusted to ensure that a new location in the sample cell was

excited for each pulse. The samples were kept at ab&WC during

the experiment by a flow of cooled nitrogen. The excitation power
was reduced te-0.3—0.4 uJ/pulse, yielding an excitation of less than
20% of the hemes. The spectral resolution was 3.8'cithe integrity

Rubttaal.
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Figure 2. (a) Transient bleach signal measured at 1977'awith a
spectral resolution of 3.6 cmh at perpendicular polarization. The fit
curve is presented with parameters shown in the graph. (b) Time-
resolved anisotropy.

the rebinding time will be on the order of milliseconds. In CooA,
not more than 2% (the nondecaying component amplitude) of

OL the t.samples twaSDfreqLéer:.ﬂy C?iﬁked by Ime?tsurit?]g Stead_y'StaEephotodissociated CO can escape from the heme pocket, which
apsorption spectra. begraaation o € sampie aiter the experimen SiS mUCh Sma”er than that fOI’ Mb (96%)0I’ Hb (>99% in T

was less than 5%, as estimated from the main absorption peaks of the

heme.

Results

A. CO Recombination. The transient absorption spectrum
of the CooA-CO sample in RO measured at a 1.4 ps time
delay after photoexcitation of the heme is shown in Figure 1.
The Mb—CO spectrum is also shown for comparison. The CooA
spectrum shows a single peak with a long tail on the lower
frequency side, which is in good agreement with the previous
reporf3 and our FT-IR measurements. This transient spectrum
clearly represents the bleach of the absorption of theOC
stretching vibration of the bound CO molecules. The red
absorption tail is probably caused by inhomogeneity of the
protein structures. It is uncertain if there are several clearly
distinct taxonomic states in CooA, similar to those existing in
Mb.31.32The main absorption peak though is much stronger than

the tail, which suggests that one taxonomic state is predominant.

The spectral width of the main peak of the transient spectrum
is ~14 cnt?, similar to that of Mb-CO (12.5 cnT! measured
in this work and 13 cm! from ref 36).

The decay dynamics of the bleach signal at 1977 ‘care
shown in Figure 2a. The decay can be well-fitted by a two-
exponential decay function having a fast component of{56
7) ps (55%), a slow component of (29040) ps (43%), and a
nondecaying component of 2% relative amplitude (fit is not

shown). This decay is assigned to the rebinding process of the

CO molecule to the heme. Judging from the recombination time,

state and~40% in R state}? The nonexponential character of
the recombination will be discussed below.

B. Anisotropy of the Bound CO. The time-resolved ani-
sotropy of the G-O stretching mode is constructed from the
parallel and perpendicular polarization components measured
separately. No significant change in the anisotropy over time
is observed up to several hundreds of picoseconds (Figure 2b).
This suggests that the rebound CO quickly takes an orientation
similar to the equilibrium one, because there is no change in
the anisotropy during the recombination process.

The value of the initial anisotropy is close t@.2, the value
that corresponds to the perpendicular orientation of two transi-
tion moments. Particularly, the initial anisotropy value averaged
over several experiments is0.175+ 0.003. Because about
20% of the hemes are excited, the correction for a finite
bleaching®4’ gives an anisotropy value of0.187 + 0.005,
with the sample treated as an optically thick sample. The
transition moment for heme absorption at 400 nm is directed
in the porphyrin plane, while the transition moment of the@
stretch transition is directed along the-O line. On the basis
of the anisotropy value, the angle between theCCline and
the porphyrin plane can be estimated.

In the approximation of a heme as a molecule with linear
transition at 400 nm, the angle between the two transition
moments can be estimated by eq 1.

r(¢) =0.2 (3cod ¢ — 1) 1)

the rebinding is a geminate recombination process. It was shownHere,r(¢) is the initial anisotropy, ang is the angle between

that binding of CO from solution to the heme of the CooA is a

(46) Hansen, P. A.; Moore, J. N.; Hochstrasser, ROkem. Phys1989

very slow bimolecular process with a rate constant of about 10 131 4962,

uM~1s7113 Accordingly, if CO escapes from the heme pocket,

(47) Ansari, A.; Szabo, ABiophys. J.1993 64, 838-851.
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the CO stretching vibration. In this approximatiom, is ]

calculated to be 82 As an iron porphyrin has a pseudiy 1976 o T
symmetry, it behaves as a circular or slightly elliptical absorber. ; : :
This conclusion is supported by the heme absorption spectrum, ——t—r——7— 7
which does not show any splitting of the Soret and Q bands. 0 100 200 300 400 500 600
Assuming that the heme is a circular absorber, eq 2 is obtained. Time / ps
Figure 4. Dependence of the peak position of the bleach signal on
r(g)=0.1(3codg —2) ) thg delay timeF.) Experimental poFi)nts (quuares) are obtained frogr’n the fit

S - of the experimental transient spectra by a Gaussian function. Repre-
The anglep, which is the angle between the porphyrin plane sentative error bars are shown for some points. Thick line shows the

and the CO vector, is calculated to be #83°. best fit according to Scheme 1 with = (70 ps), k» = (160 ps)?,
To get a reference anisotropy value, a sample of horse Mb .\ — (65 psy? ks = (230 ps)?, andAv = 2.6 cn2. Thin line is the

CO in D,O/glycerol= 1/1 has been measured. The obtained pest fit according to the simplified modekso = (55 ps)* (54%), kzo
value of—0.1974 0.0053% corresponds to an angle of 84 his = (247 ps)! (44%), andAv = 10.2 cntl. The dashed line is a single-
can be considered as the lowest limit for this angle, because noexponential fit withvo = 1976.4 cm?, Av = 2.9 cnt?, andz = 160
distribution of the bound angles is considered in this model. ps.

The anisotropy value obtained is close to the one previously
measured—0.1924 0.00226 The CO vector deviates from the
normal to the porphyrin plane in CooA (Figure 3) to a greater
extent than in Mb (12 vs%.

A static and dynamic distribution of the binding angles
(inhomogeneity also affects the anisotropy value. Assuming
the average binding angle to be°9@ Gaussian distribution
with a width of 12.8 (fwhm) gives the same anisotropy value
as observed-(0.187). However, no orientational relaxation of
bound CO was observed for Mb by mid-IR pump/mid-IR probe
experimen®® which suggests that dynamic effects are not
significant. At the same time, the existence of different
conformations with different CO binding angles is possible. In
this case, the obtained angle of X&flects the distribution width e
of static inhomogeneity_ 1950 1960 1970 1980 990 2000

C. Dynamic Spectral Shift. A small but clear shift of the Wavenumber / cm
bleach spectrum to lower frequencies was found during the Figure 5. Transient spectra (perpendicular polarizations) measured at
recombination process (Figures 4 and 5). The spectral shift issix time delays: 1.4, 12.4, 51, 91, 300, and 638 ps. The fit curves with
distinct in both spectral and kinetic measurements (i.e., decaythe following parameters are showki = (70 ps)™*, k; = (160 ps)*,
profiles are different at different wavelengths). The characteristic kv = (65 Ps)*, ke = (230 ps)*, andAv = 2.6 cn™.

time for the spectral shift is-160 ps (Figure 4). It is worth  of the G0 axis and the normal to the porphyrin plane is small
mentioning that the contribution of the “red” tail with respect (<12°), though it is larger than those for Mb<7°) and Hb

to the main peak in transient spectra remains unchanged over~1¢r). These observations can be accounted for by a tighter
time. So, the spectral shift is not caused by an increased ygtein structure on the distal side and/or the influence of the
contribution of the structural subset different from the predomi- gy polarity around the attached CO. A decrease in the back
nant structure. No anisotropy change was observed at anyglectron donation from the Fe atom at a more distorted CO
frequency around 1979 cth geometry could be another reason for the increase in the CO
frequency.

Upon photoexcitation of the heme, CO dissociates with
A. Reaction Dynamics and Spectral Shift.The frequency essentially unit probability. The dissociated CO is “docked”
of the CO stretching mode in CooA is about 35 ¢énhigher somewhere near the heme (Scheme 1, reaction 1) on a much
than that in horse Mb, giving a smaller binding energy of CO faster time scale than for the other processes. Recombination

in CooA. The CO frequency in CooA is close to the maximum dynamics show nonexponential behavior, which formally indi-
value observed for different myoglobi&&This indicates a low cates that there are at least two states from which the
electrostatic potential on the distal side of the heme in CooA recombination can occur. Three general possibilities are con-
(see section H for further discussion). We found that the angle sidered for these states. It could be that different protein
(48) The measured anisotropy value for the-MBO sample was-0.184 C.Onformatlons. eXISt. in the S?‘mp"? before pho_toexcnatlon or
+ 0.003. Taking into account a finite bleach of the sample (about 25%), different docking sites of dissociated CO exist. It is also
the value 0f—0.197+ 0.005 was calculated. reasonable that the conformational change of the protein, started

-3

A Absorbance / 10

Discussion
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by CO dissociation, changes the recombination probability. In conformations, CooA and CogA The shape of the transient
the latter case, a creation of the modified protein conformation spectra has a dip around 1990 dimwhich suggests that the
(denoted as Coaod) slows down the recombination rate. rebound CO (Coo#) has a higher frequency than CO before
Another observation to be taken into account in the model is excitation. The spectra of the bound CO at these two states are
the shift over time in the transient spectrum. The characteristic simulated by two Gaussian functions with the same width
time of the spectral shift is close to the average recombination obtained from the fit of the transient spectra at early time delays
time (160 ps), calculated as a weighted average of the two decay(<10ps). The central frequency of the CO vibration in the
components. As the observable in this experiment is the transientequilibrium CooA-CO conformation obtained from the fit is
spectrum of the bound CO, the frequency of the bound CO has1979.2 cml. The central frequency of the CO stretching
to change over time after photoexcitation. We suggest that thevibration in the CooA—CO conformation as well as the rate
CO frequency is different in the equilibrium CoeACO protein constants of reactions—5 were treated as fit parameters.
conformation and in the modified protein conformation (C®A According to the model (reactions-3), spectra at different
with the latter being higher, judging from the direction of the delay times (Spee(t)) are fitted by eq 3, in which the transient
observed spectral shift. The possibility of the influence of one absorption spectrum at time delays the difference between
monomer upon another in the CooA homodimer is considered spectrumx(t)*Spy(w) + y(t)*Spy(w) and the spectrum of the

in section F. nonexcited protein, Sfw).
To establish the importance of different states for the CO
recombination process, we constructed several working schemes Spech,t) = (X(t) — 1)Sp(w) + y(t)Sp/(w) 3
with different major states involved in the recombination
reaction and spectral shift. Here, x(t) andy(t) are the relative ratios of the concentrations

B. Recombination Rate Correlated with the Protein of CooA—CO and Coof—CO states to the total photolyzed
Conformation. In Scheme 1, we assume that there is only one molecules, respectively, and,&p) and Sp(w) are their spectra.
equilibrium protein conformation for the CO bound state BY fitting the spectra at different delay times, a good agreement
(denoted as CooA) and that there is only one docking site for was obtained (Figures 2a, 4, and 5). The frequency of the
the dissociated CO (G§) (reaction 1). CO dissociation induces ~rebound CO (Coof—CO) is found to be~2.6 cn* higher
the protein conformational change (reaction 3). The formation than that for the equilibrium CooACO state. The peak
of a different protein conformation (Coqd has two effects.  positions for the CO frequencies of the equilibrium (CooA
The recombination rate (reaction 4) is slowler € ki), and the ~ CO) and transient (Coaf-CO) states are 1979.2 and 1981.8
CO stretching frequency is higher, when the protein is in the cm™, respectively. The CO recombination rate constants for

CooAy conformation. the two states differ by a factor of more than two, with=
(70 psy ! andk, = (160 ps) L. The rate of reaction 3 is about
Scheme 1 the same aky; ky = (65 ps) . The value okg is estimated to
be about (230t 70)™! ps..
CooA-CO + hv — CooA+ CG, 1) An impressively good fit of the model to both the spectral
change and recombination reaction kinetics supports the idea
CooA+ CQO, —~ CooA-CO ky 2) that the recombination rate constant could be altered by the
transient protein conformation change. An alternative way of
CooA— Co0A, Ky 3) explaining the nonexponential recombination rate is to consider
multiple arrangements of the reactants.
CooA,, + CO, — CooA,,—CO K, 4) C. Multiple Conformations. Here, we assume that there are
two equilibrium protein conformations of the CO bound state
CooA,—CO— CooA-CO Kg 5) (CooA; and CooA) and only one docking site for the dissoci-
ated CO (CQ@). To explain nonexponential recombination
COp — COxee 6) dynamics, the recombination rates are different in the two
protein conformations (reactions 3 and 4). The CO stretching
COjee + COOA— Co0A-CO 7) frequencies are also different in the two protein conformations

Coo0A; and Coo0A.
So, reaction 2 is associated with the fast component in terms
of recombination dynamics while reaction 4 describes the slow Scheme 2
component. Reaction 5 stands for the recovery of the protein

conformation back to the equilibrium C&ound conformation. CooA,~CO + hw — CooA, + COy 1)
The last two reactions describe a release of the dissociated CO

from the heme pocket and a bimolecular rebinding reaction. Co0A,—CO + hv — Coo0A, + CO, 2)
We found that the quantum yield of CO release from the protein

pocket (reaction 6) is quite small and is estimated to be less Co0A,; + COy, — Co0A—CO kg 3)
than 2% (Figure 2a). The last reaction was shown to be very

slowt®* and can be considered to be infinitely slow on a Co0A, + COp — Co0A,—CO Ky, 4)

subnanosecond time scale. Because of a very small CO escape

guantum yield and slow nongeminate recombination, these two This model, though even simpler than the previous one, cannot

reactions were not included in the modeling. explain the whole set of data. The spectral shift predicted by
Differential equations corresponding to reactiorsc2were this model proceeds on the same time scale as the fast

solved analytically under initial conditions where only the recombination rate. However, in the experiment, the spectral

concentration of the CooA state is nonzerb=t0. The spectral shift (~160 ps) is more than twice as slow as the fast component

shift, observed in this work, is associated with the difference of the recombination kinetics+(70 ps). Though the recombina-

in frequencies of the bound CO between the two protein tion kinetics can be fitted well (not shown), the spectral shift
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cannot be fitted well if taken together with recombination decay of the heme is quite large~600 K). The quantum vyield of
(thin line in Figure 4). dissociation in Mb and Hb was reported to be close to 169%.

D. Spectral Shift Independent of the Recombination Because the phenomenon under observation in this work is the
Reaction.In both models (Schemes 1 and 2), the recombination absorbance change of the bound CO, there should be no signal
reaction and spectral shift are closely related, because the samassociated with vibrationally hot hemes until CO recombines.
states are responsible for both effects. Inclusion of multiple At the same time, it was shown that cooling of the heme is
docking sites for CO (Cgr and CQy,) allows one to separate  quite fast?223:3149.54n g protein, the rate of the cooling is about
two processes; the recombination reaction can be nonexponentia{10 ps)!. Even for ligated heme in solution where heat transfer
because of the existence of different docking sites, while the is much slower than in a protein, the relaxation time of a CO
spectral shift is determined by protein conformation dynamics vibration is on the order of 40 323 The characteristic time

and is independent of the recombination reaction. of the spectral shift (160 ps, Figure 4) is much longer than the
expected cooling time. This allows us to conclude that the
Scheme 3 protein conformational change rather than local heme temper-

ature is the origin of the spectral shift.

Co0A—CO + hw — CooA+ COp, 1) F. Allosteric Influence of One Heme on Another.The
dynamic spectral shift can be related to the dimeric structure of
Co0A—CO + hw — CooA + COp, 2) the CooA protein. The CooA protein in the presence and absence
of CO was found to be a homodim&?.If a heme in only one
CooA— Co0A,, ky 3) part of the dimer is excited, its CO molecule dissociates, and
the protein conformation presumably starts to change to an
Co0A (or CooA,) + COy, — inactive one. What happens to the other heme in the dimer? It
C00A—CO (or CooA,—CO) k, 4) seems pos§|ble that it WI||'be affegted by the conformation
change in its counterpart in the dimer. One may expect a
N decrease in the CO binding energy in the unexcited heme of
CooA (or Coosy) + COp, the dimer, facilitating the switch of the whole protein from the
CooA—CO (or CooA,—CO) k, 5) active conformation (with both CO molecules attached) to an
inactive one (without any ligated CO). A decrease in the binding
CooA,,—CO— CooA-CO kg 6) strength is concomitant with an increase in the CO stretching

frequency. The latter will cause a spectral shift in the bleach

One can assume that the protein conformation change spectrum to a lower frequency, as observed. Thus, the allosteric
(reaction 3) does not affect the recombination rate constantsinfluence in the dimer may cause the observed spectral shift.
between heme and C®(@ndky) or at least that this dependence  This effect can be treated in the same way as the model
is not very significant. The two exponential times & 56 ps presented in Scheme 3. Reaction 3 in this case should be
(55%) andr, = 290 ps (43%)) of the recombination kinetics rewritten as follows.
are presented by the two reaction rates ofpc@nd CQ, (kg
= 1/r; andky; = 1/15). The dynamic peak shift in this model is CooA—CO— CooA,,—CO 3
independent of the recombination rate const&ntndk,. The
peak shift dynamics are generally nonexponential, but rather Here, CooA—CO stands for the part of the dimer with an
S-like, similar to that in Scheme 1. In the limiting casekgf unexcited heme, while the heme in the adjacent part of the dimer
> kg, the spectral shift function is close to exponential, in which was excited. Now the CO frequency changes in the heme, which
ks~ = 160 ps. The parameteks, kg, and the central frequency  was not excited, and the change happens as a result of the
of the CooA,—CO spectrum cannot be uniquely determined influence exerted by the counter-heme in the dimer. With the
in this model from the available data. For example, the same only difference being in the assignment of reaction 3, Scheme
parameters (excegt and k) obtained in Scheme 1 give a 3 can be used. Thg, rate constant, which is in the range (20
similarly good fit. Another set of values also gives a good fit: 70 ps)?, is treated here as the allosteric influence of one heme
kv = (40 ps)t, ks = (270 psy?, andv(CooAy—CO) = 1981.2 on another in the CooA dimer. Even taking into account that in
cm L. A good fit can be obtained when thg rate constantis  the inactive conformation the Pro2 terminal group of one subunit

in the range (2670 ps) !, with the respective change of is the axial ligand of the heme surrounded by another subunit
(CooAy—CO). Only recombination ratek; and kp, can be in the dimer, the time of 2670 ps seems to be too fast for
determined accurately in the framework of this model on the such an assignment.

basis of the data available. G. Conformational Change of the Protein. While we

It would be worth mentioning two relatively close rate concluded that the observed spectral shift is associated with
constants, one observed in the present paper and one in ref 14dynamic protein conformational change, triggered by CO
The visible pump-probe study on CooA has shown a 173 ps dissociation, it is interesting to specify in more detail those
component in the Soret band region in the reduced form of conformational changes. Any protein conformational change is
CooA that does not have CB®.Although this time constant a complicated process, all of which proceed at a variety of
seems to be rather close to the characteristic time (160 ps) ofcharacteristic times. Because the CO frequency shift observed
the spectral shift, the decay dynamics come from two distinctly in this work is most sensitive to the spatial arrangement of the
different samples, that is, CooA protein without CO in the visible heme pocket on the distal side, the observed rate of about (160
spectra and with CO in the IR spectra. In fact, the dynamics ps)! seems to be attributable to the conformation change in
with CO observed in the visible region are completely different the CooA protein on the distal side of the heme.

(78 and 400 ps) from those without CO (6.5 and 173ps). A visible pump-probe experiment in the Soret band region

E. Heme Heating Effect.Another effect, which might cause  carried out in our laboratory has shown that the decay dynamics
the spectral shift, is heating of the heme. The temporal of the five-coordinate heme after the CO-photolysis are in good
temperature elevation of the protein caused by photoexcitationagreement with the recombination dynamics of the bleaching
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signal of the ligated CO band in this stutiylt is thus likely ature. Though the experimental conditions of these two experi-

that the original distal ligand in the reduced CO-free CooA, ments were not the same, there is a geometry which can satisfy
Pro2, or any other ligand does not ligate the heme before CO both results (Figure 3). To achieve this, the&&bond should

is rebound. However, it is still possible that the conformational be tilted with respect to the normal to the heme plane. This

change in a distal ligand disturbs CO from ligating the heme, geometry seems not unreasonable, because about tltof

which causes the observed two-exponential recombination the Fe-C bond from the normal has been observed for Mb from
kinetics. If so, inferred fronky, the time for ligation of another s crystal structur@?

”and. s on tht_e or_der oftttr]ens of pi%(l)seconds. f f i The geometry of the bound C@ (= 12°) can be influenced
char? 'éon_”':zéogrf t?lr;(c))re?i::glosila dﬁ:ticc?:ssefo? l\;gntr?;rpzr:gcv by the existence of another distal ligand in the vicinity, which
ge. | pred . ligates the heme in the absence of CO. This ligand can exert
conformation changes caused by an iron motion out of the heme . . .
plane! The recombination rate might also decrease as the iron _spatlal or electrostatic constraints on the bound CO and force
atom moves out of the heme plane toward the proximal ligand. !t to be bgnt out of the normal to thg porphyrin plane. NO change
However, iron out-of-plane motion itself is supposed to be faster n .the amsotrgpy was observed during the recomplnanon process
than 10 ps. The time-resolved Raman spectroscopy of the-iron (Figure 2b), indicating that the rebound CO quickly takes the
same orientation as that in the equilibrium Coee@0 state. In

histidine stretching mode in Mb suggests that a time-©0 ps e .
is necessary for iron out-of-plane displacenf®t the same other words, the bound angles of CO are similar for both protein

time, slower dynamics with a time 0f100 ps were observed ~conformations (CooACO and Coos—CO).
in the same work. However, changes in the amide-1 band of Recently, the crystal structure of the reduced CooA has been
Mb after CO dissociation were observed with a characteristic reported® Though the structure of the distal side of the heme
time of 8 ps3! suggesting that some conformational changes in pocket will probably be different for the reduced and CO-bound
Mb may happen without much delay. forms (and only the structure of the reduced form has been
The geminate recombination reaction of CO in CooA is reported), it is interesting to analyze which amino acid residue
significantly faster than that for Mb or Hb, where the rebinding can cause the blue shift of the CO stretching vibration. On the
time is on the order of several microseco#3his suggests  basis of the reported structure of the reduced CooA, there are
that the CO docking place is probably located close to an iron no negatively charged residues in the distal side of the heme
atom and does not SubStantia”y I’e'[al’d reCOmbinatiOn. The t|ght pocket The 0n|y Closely |0cated negatively Charged group is
structure of_the heme pocket on the distal side of the hem_e iN pro2, which is dissociated from the heme iron upon CO binding.
CooA protein could be one reason for the fast CO recombina- The imino nitrogen of Pro2 is thought to be deprotonated when
tion. , , it is coordinated to the ferrous heme. The negatively charged
In any case, there are conformational changes in the proteinpygs il he located around the bound CO after dissociation
pocket, which cause an upshift of the CO frequency. Though ¢.01 the heme upon CO binding, which may be the source of
the geometry of the bound CO can be affected by steric the negative charge. '
constraints, it is generally accepted that the frequency of the . . N -
In conclusion, the CooA protein, which is a transcriptional

bound CO is mostly affected by electrostatic interactions rather ; > i
than by steric hindrancé®3* The value of the frequency, regglator allostencgl!y controlled .by CO binding, was studied
observed for CO in CooA (1979.2 cr), is rather high, by time-resolved visible-pump mid-IR-probe spectroscopy. A

indicating that there are noncharged or negatively charged large conformation change is expected for this protein upon CO
groups Surrounding the bound CO molecule. The observed dISSOCIatIOI’], which switches the pI‘OteIn from the active
frequency shift can be accounted for by the approach of conformation toward the inactive one. The spectral shift of the
negatively charged groups caused by the conformational changesbound CO stretching mode was detected at a time constant of
H. Geometry of the Bound CO. The CO anisotropy about hundred picoseconds, thus providing an estimation for
measured in this work revealed that CO is bound to the hemethe initial step of the biologically relevant protein conformation
when the angle between the heme plane and the CO band is change. The geometry of the bound CO in CooA was deter-
78°. The recent EXAFS analysis of the CO-bound CooA has, mined by means of time-resolved mid-IR anisotropy measure-
however, indicated that the F€O complex in the CO-bound  ments.
Coo0A is linear at an FeC—O angle of 180.52 The measure-
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