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Abstract: The carbon monoxide (CO) docking sites involved in the ligand escape process from the iron
atom in hem of myoglobin (Mb) to solution at physiological temperature were studied on the basis of the
effect of xenon (Xe) on the ligand escape rate by the transient grating (TG) technique. The TG method
provides a direct measurement of the changes in molecular volume. The apparent CO escaping rate and
the volume contraction increase with increasing Xe pressure. The pressure dependence of the rate is
consistent with that of the Xe population at the Xe(1) site. This result clearly shows that CO is trapped at
the Xe(1) site before escaping to solvent in a Xe-free solution at room temperature. It is shown that only
CO but not the trapped Xe is released by the photoexcitation of the Xe-trapped MbCO. A dissociation
scheme is proposed to explain the enhancement of the escaping rate by the presence of Xe(1). There are
two branches for the CO escaping pathway. The dominant part of the dissociated CO escapes to the
solvent through the Xe(1) trapping site under the Xe-free condition, and there are at least three intermediate
states along this pathway. When a Xe atom blocks the Xe(1) site, the CO escapes through another route.
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there exist a few distinct intermediate states (the ligand trapped
inside the protein interior) along the pathway. Biologically, the
ligand trapping pocket inside the protein is considered to be
important to protect the heme iron from oxidation by solvent,
and the nature of the pocket has been the subject of a numbel
of research projects.
In many cases, the ligand escaping pathway has been studiec
by using carbon monoxide (CO) as the ligand, because of the
near unit probability for CO to escape to solvent. This CO
trapping site has been frequently related to cavities observed
by X-ray crystallographic measuremeft3he structures of
geminate states at low temperatures have been obtained by
several groups, and the results showed that the CO just after
the dissociation is located in the vicinity of the heme in the
so-called primary docking sifé; 13 although the exact position
of the CO is different depending on the literatd¢r&he X-ray
diffraction study of Mb single crystals with a nanosecond time
resolution at room temperature was reported to indicate im-
mediate disappearance of the CO density adjacent to thé4ron.
Subsequent X-ray crystallographic studies showed that the CO
migrates away from the primary docking site into internal
cavities within the protein known as the xenon trapping
sites1®-19 In particular, two cavities are located on the distal
and the proximal sides of the herh&@he cavity on the distal
side is called Xe(4) and that on the proximal side is called Xe-
(1) (Figure 1). The Xe(1) pocket is located underneath the at physiological temperatures has been less clear. To examine
porphyrin ring in a cavity circumscribed by Leu89, Phel38, the participation of the cavities of the Xe trapping sites for the
and Leul®d Lamb et al. used the Fourier transform IR ligand escape process, studying the Xe effect on the ligand
spectroscopy combined with the temperature derivative spec-escaping kinetics may be useful. If the CO trapping sites are
troscopy to observe changes in the dynamics that were attributedrelated to the Xe trapping sites, Xe and the photodissociated
to the presence of different docking sites at low temperatfure. CO would compete with each other to occupy them, and the
The locations were discussed in terms of the Xe trapping sites. CO escaping kinetics should be altered by the presence of Xe.
It is now clear that the photodissociated CO is trapped in these A thermodynamic analysis of the absorption of Xe by 4b
cavities, at least, under the crystalline condition at low temper- and a crystallographic stueliiave suggested that the Xe(1) site
atures. is populated some 10 times more readily than the Xe(4) site.
In the solution phase at physiological temperatures, however, Hence, the contributions of Xe(1) and Xe(4) can be distinguished
this escaping scheme could be different from that at low by varying the partial pressure of Xe. On the basis of this idea,
temperatures or in the crystalline phase, because of the proteinScott et al. reported on geminate recombination kinetics of
conformational fluctuation, which should be enhanced at higher oxygen molecule () for 25 different oxymyoglobin mutants
temperatures in low viscosity liquids. In the solution phase, the in the presence of 12 atm of X&.Progressive changes in
ligand dissociation scheme has been intensively investigatedrecombination rates were observed as the pressure was increased.
mostly on the basis of measurements of geminate recombinationOn the basis of the experimental observations, they proposed a
kinetics or bimolecular recombination kinetics under various dissociation scheme of ;Ofrom the protein to solvent as
conditions with different temperatures, pHs, and so on for described later.
various mutants. Although it has been well-recognized that there ~ Contrary to the well-studied recombination kinetics, the ligand
are several intermediate states separated by activation barrierescaping kinetics has been less clear, because the ligand escaping
along the escaping pathway, the CO escaping process in solutiorprocess from the protein is spectroscopically almost silent when
the heme optical transition is monitored. Recently Anfinrud and
co-workers reported that the CO escaping to solvent can be
detected as a change in the IR absorption band shape and it
occurred on a ks time scalé® Miller and co-worker®-42and

Figure 1. Structure of MbCO. The heme, CO, distal His, and proximal
His are shown in ball-and-stick representation. The Xe trapping sits are
shown by balls, and names of the positions are also shown (ref 5).

(38) Jackson, T. A.; Lim, M.; Anfinrud, P. A. IrSeenth International
Conference on Time-Resel Vibrational Spectroscopy: Proceedings of
the conferencelLA-13290-C; Dyer, R. B., Martinez, M. A. D., Shreve, A.
P., Woodruff, W. H., Eds.; Los Alamos National Laboratory: Los Alamos,
NM, 1995; pp 9-13.

(39) Richard, L.; Genberg, L.; Deak, J.; Chiu, H. L.; Miller, RBlochemistry
1992 31, 10703-10715.

(40) Deak, J.; Chiu, H. L.; Lewis, C. M.; Miller, R. J. D. Phys. Chem. B
1998 102 6621-6634.

(41) Dadusc, G.; Ogilvie, J.; Schulenberg, P.; Marvet, U.; Miller, R. PiDc.
Natl. Acad. Sci. U.S.A001, 98, 6110-6115.

(42) QOgilvie, J. P.; Plazanet, M.; Dadusc, G.; Miller, R. J.JDPhys. Chem. B
2002 106, 10460-10467.

(43) Sakakura, M.; Yamaguchi, S.; Hirota, N.; Terazima JVAm. Chem. Soc.
2001, 123 4286-4294.

(44) Sakakura, M.; Morishima, I.; Terazima, M. Phys. Chem. R001, 105
10424-10434.

(45) Sakakura, M.; Morishima, |.; Terazima, Biochemistry2002 41, 4837
4846.
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our grouf34° studied the ligand dissociation process by the
transient grating (TG) method. The ligand dissociation process
from the protein to solvent was traced continuously, and the
rate was determined to be 700 ns at°ZD The ligand escape
rate slower than the apparent geminate recombination+ai&Q

nsy clearly indicates that there is a ligand trapping site inside
the protein. A quantitative measurement of the TG signal
provided the volume change and released heat within 10 ns (5

(46) Ewing, G. J.; Maestas, S. Phys. Cheml97Q 74, 2341-2344.
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mL/mol and 151 kJ/mol, respectively) as well as those associatedgrating#3-4> we will consider the time dependence of the
with the ligand escape process (15 mL/mol and 8 kJ/mol) with- amplitude grating term only for the bimolecular recombination
out any assumption for horse heart and sperm whale MB&®.  (vide infra) in this article.

A sequential four state model was used to describe the ligand There are several origins for creating the phase grétirg.
dissociation reaction at room temperatt#é* Furthermore, to One of the dominant contributions is the temperature change
obtain an insight into the nature of the intermediate state and of the medium induced by the liberated energy from the decay
of the CO trapping site, the volume difference between the CO of excited states and by the enthalpy change of the reaction. If
trapped Mb and the CO free Mb was measured. It was found the heating process is fast enough to release the thermal energy
that the volume difference is smaller than the partial molar of Q, the temporal profile is given BYy52

volume of CO in solvent®® This fact suggests that CO is

trapped in a vacant cavity inside the Mb protein. However, the ong(t) = [(dn/dT)Q/pC] exp(— Dyd®) = ony, exp(—Dy 1)
relation between the CO trapping site and the Xe trapping site 3)

was not made clear.

where avdT is the temperature dependence of the refractive
In the present study, the Xe pressure dependence @ the

! ' index, p is the density,C, is the heat capacity at a constant
escapingprocess from the heme to solvent was examined pressure, an®y, is the thermal diffusivity. The characteristic

through the molecular volume change by the TG method. We a6 constanDya?, is a good indicator for assigning the signal
found that the CO escaping rate increased with increasing x?to the thermal grating.

pressure. The pressure depend_ence qf the rate agrees v_veII with A newly formed species and the depletion of the original
the Xe pop.u.latlon at the Xe(1) site. This result clearly mdncatt_es species contribute to the phase gratifig2 The component due
that a significant fraction of CO passes through the Xe(1) site  the absorption spectrum change is called the population
in the solution phase at physiological temperatures. We exam-qraiing. If the molecular volume of the intermediate or the
ined several possible dissociation schemes to explain the rat‘ces,)vroduct is different from that of the reactant, the volume change
enhancement caused by the Xe occupation at the Xe(1) site andyjj| contribute to the phase grating and is called the volume
found that the signal features could be explained well based ongy4ting. Sum of these contributions are referred to “the species
a branched path model. The volume change of each step forgrating ONspd” (Mspe= OMpop + ONvol, WhEreMpep and dnye,

the MbCO containing Xe inside the protein interior is deter- e the refractive index changes due to the population and the

mined by the kinetic analysis based on this scheme. volume gratings, respectively). The magnitude3aye of i-th
2. Analysis species §nspd) is given by®

The analysis of the TG signal after the photoexcitation of _ (n02 + 2)2 1 V.
MbCO has been reported previoudty*> Briefly, when two 6nspe' = e 3. I( P~ \_/—Iasolven) 4)
laser beams are crossed at an afighdthin the coherence time, 0 0 solvent

an interference (grating) pattern is created with a wavenumberWh ereq; andasoventare polarizabilities of théth species and

47
a. the solvent molecules, respectively. From this expression, the
. volume grating term is extracted &8
q= 47 sin@/2)/A,, @ grating termdnyo)

. o . i (n02 + 2)2 Asolvent o/
where ey is the wavelength of the excitation laser light. The on,g = Tene. v ANV ()
MbCO sample is photoexcited by this grating light, and the 070 Tsolvent
photodissociation reaction is triggered. When a probe beam is  Tpe species grating signal disappears with a rate constant of
introduced to the interference region, a part of the light is Dq? (D = diffusion constant of the species) and a recombination

diffracted as a TG signal. The TG intensityd) is proportional reaction with a time constant &f. In the case of the MbCO
to the square of the refractive indexn) and/or absorbancék) dissociation reaction, MbCO is photodissociated to yield Mb
differences between the peak-null of the grating pattern and CO, and then Mb and CO recombine to recover MbCO.
Hence, three chemical specigglbCO, Mb, and CG-are
lre = a(on)® + B(OK)® (2 involved in the species grating. In this case, the time profile of

the species phase grating is expressed by a biexponential

whereo. and 8 are constants determined by the experimental function, and it may be given By 4%
conditions.

The time-profile of the amplitudedk) grating is the same as ~ ONspe= ONgo €XPI-(Deo + ke Jt] +
that of the transignt absorption signal at th_e probe WaV(_aIength. 0Ny, expl— (D’ + Kedt] (6)
For the photolysis of MbCO, the time-profile is rather simple:
the signal rises quite fast (within our time response), decays where dn is the refractive index change by the presence of
slightly (~4% in total amplitude) with a 180-ns lifetime by the  CO, anddnyy, is proportional to the difference between the
geminate recombination, and decays with a 2-ms lifetime by
the bimolecular recombination. Since in a previous article we (48) Hora, T Hirota, N.; Terazima, Ml. Phys. Chem1996 100 10194~
confirmed that the main part of the dynamics of the TG signal (49) Terazima, M.J. Photochem. Photobiol. @002 24, 1-28.
in the 0-100 us range comes from that of the phas)( (50; Terazima, MAdv. Photochem1998 24, 255-338.
)

(51) Nishioku, Y.; Nakagawa, M.; Tsuda, M.; Terazima, Blophys. J2001,
80, 2922-2927.

(47) Eichler, H. J.; Gunter, P.; Paul, D. Waser-Induced Dynamic Gratings (52) Takeshita, K.; Hirota, N.; Imamoto, Y.; Kataoka, M.; Tokunaga, F.;
Springer-Verlag: Berlin, 1986. Terazima, M.J. Am. Chem. So@00Q 122, 8524-8528.
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refractive index changes due to the presence of Mb and of 35 . . . : .
MbCO. FurthermoreDco andDyy, are the diffusion coefficients 30 i
of CO and Mb, respectively. 2 | Duq’ ]

The amplitude grating consists of the periodic grating pattern Dcoq’+rec
of a chemical species absorbing the probe light. There should

be no contribution due to CO in the amplitude grating signal,  ~

2
G
<

because CO possesses no absorption at the probe wavelength. 10
The time profile is given big—4° 5
0

-7 -6 -5 -4 -3 -2

Ope= Oy, €XPI— Dy’ + Ko U] o, e e

70 T T T T T

where dkyp is proportional to the difference between the 60 _

absorption changes by Mb and MbCO. 50 | i

3. Experimental Section E" 40 1

o 30 i

The experimental setup for the TG measurement was reported —"
previously*3~45 Briefly, in the TG measurement, a laser beam from OF.
the second harmonics of a Nd:YAG laser (Spectra Physics, GCR170; 10

A = 532 nm; pulse width~10 ns) was split into two with a beam 0
splitter and crossed in the sample by a lens (focus lerg2® cm) to 107
create the transient grating. The transient grating was detected as a t/s

diffraction of a CW probe beam (diode laser; SDL-5411-G1, 840 nm) Figure 2. Time profiles of the transient grating signals (dotted lines) after
that was led into the transient grating region with the angle satisfying ?Ahstoefxcnakl)tlon of Mb%O %n_T£|s4bufif(e)1r2at _2;;: in dthg %ris,\eﬁr;ce (;f (a)bo.l
the Bragg condition. The diffracted beam (TG signal) was detected by a ol carbon monoxide = .4 x m"#) and (b) 0. aotcarbon

- ) . 5 monoxide and 0.9 MPa of xenog4= 1.0 x 1012 m~2). Various dynamics
a photomultiplier after passing a pinhole. The signal was averaged by are apparent in these signals. The rate constants corresponding to these

a digital oscilloscope (Tektronics, TDS-520) and a microcomputer. The dynamics for (a) are labeled in (a). Continuous solid lines are the best fits
grating wavenumberg, was determined from the decay rate of the using eq 8.

thermal grating signal arldy, (eq 3). The repetition rate of the excitation

was 3 Hz, which allows the dissociated Mb to return back to the original nents. Since the decay rate constant in theid®ange agrees

MbCO. well with Di,o? under the present experimental condition, this
Myoglobin from horse muscle was purchased from Nakalai Tesque component should be attributed to the thermal grating signal.

Co. For preparation of the sample solution, a 10 mM Tris-HCI buffer The slow rise feature on a submicrosecond time scale comes

(pH = 8.0) solution of met Mb was filtered to remove small particles  from the cancellation of the thermal grating signal by a species

%; miné?srggﬁggtgﬁgg Vnisezezleﬁc;:viﬁ Cﬁillr\gltzna :Sbb'fé (ﬁ?)pitr:‘m' grating signal with a lifetime of 700 ns. The signal intensity at

purgeciby 9 gen gas, the bottom of the dip (around100 ns) represents the amplitude

the heme of Mb was reduced to Fe(ll) by adding sodium dithionite. ) K si i itV F TG . |
The solution was then transferred to a stainless steel high-presséte cell grating 0K) signal intensity. From a experiment at a large

having an optical path length of 2 mm with quartz windows under the Wavenumber., we have. previously shown that the signal with
nitrogen gas condition. The cell was then connected to a gas reservoir.the 700-ns kinetics mainly comes from a volume chetige.
First, 0.1 MPa CO gas and then the required pressure of Xe was The slower temporal profile in the-submilliseconet-milli-
introduced to the cell. The pressure of the solution was monitored by second time range can be expressed by a biexponential function;
a strain gauge (Kyowa PGM-20KH), which was directly connected to the faster component was attributed to the diffusion of the
the cell. The sample was equilibrated under the mixed gas condition at photodissociated CO (not clearly seen in Figure 2 because of
least for 3 h. To control the temperature of the sample, methanol from g overlap with the slowest decay component, but more
a thermostated bath (Lauda RLS6-D) was circulated through the cell. apparent in Figure 2 of ref 43 recorded under a different
Th? stage of “.gat'on of the protein was checked by measuring the |q-condition), and the slowest decay was assigned to the diffusion
optical absorption spectrum. The experiments were repeated severa S
times in different days, and averaged values were calculated. of M_b and the recombination process.of C_IO to Mb. The decay
rate is about the same as the recombination kg 6bserved
4. Results in a transient absorption signal, becalsgg? is much smaller
thankrec (~3 ms) under this condition. The TG signal in this

4.1. TG Signal without Xe. In this article, we studied the |\ 01 e range was fitted with the following equatitn?s

ligand escaping process from the protein interior after the
photodissociation reaction of MbCO by monitoring the kinetics _ . -
and volume changes at various Xe pressures. The TG signal ofITG(t) = of onsexp(—kd) + ony, exp( Dthqzt) +

MbCO in the absence of Xe was described and analyzed in  ONg, €XP[—(Deod + kedt] + Ny, €XPI—(Dypd” +
detail in previous article®4> We first briefly summarize the 112+ BL Sk expl—(D..c? + Mm2 (8
features of the signal here for a comparison purpose. Figure 2a et} + H{ Ok EXPI- O + e} (8)
shows the TG signal of MbCO in a 10 mM Tris buffer solution
at 20 °C. The signal rises within the excitation pulse width
followed by a decay, a slower rise, and further decay compo-

where the rate constant &f is (700 nsy! at 20°C, anddns,

Onw, dnco, and dnyy are the refractive index changes due to

the 700-ns kinetics, heat releasing, CO, and Mb, respectively.

(53) Saga, N.; Kimura, Y.; Hirota, N.; Terazima, Mwnal. Sci.2001, 17, The last term,Okub, represents the absorptlon Change at the
S234236. probe wavelength.

11880 J. AM. CHEM. SOC. = VOL. 126, NO. 38, 2004
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The decay-rise curve in the hundreds of nanoseconds time
range is due to the cancellation effect betweendifigandons 150
terms, which indicates that the signséo, andons are opposite.
Sincedny, at this temperature is negativims should be positive.
The decay of the positive refractive index change due to the
volume grating indicates that the molecular volume change . 100
(AVs) during this process is positive (volume expansion). After
this dynamics, there is no cancellation effect between the species
grating and the thermal grating signal, indicating that the species
grating component just after the CO release is almost 281
= dnco + onyp = 0).*3 This is a result of complete cancellation
between the negativiinco and the positivényy. This complete
cancellation should be accidental, because there is no intrinsic 0

I /au

50

. | | | | | |
reason to makénco and onyvp the same amplitudes. In fact, 0 . 2 3 4 5 s

this cancellation is not observed for sperm whale MbCO, in t/us

which [onwy| is slightly larger thanoncol.#4 (Furthermore, this Figure 3. Time profiles of the transient grating signals on linear time scale
complete cancellation disappears when Xe is introduced asafter photoexcitation of MbCO in Tris buffer at 2C at various pressures

; of xenon (2 = 1.2 x 102 m=2). The pressure of Xe is indicated in the
described later.) ) figure. The CO pressure is 0.1 MPa for all samples. The signals are shifted
Here, two volume changes have been observed in the TG upward with increasing Xe pressure to avoid the overlap. The decay-tise

signal; the faster one, which occurs within a pulse width, is Profile for 0 MPa solution is caused by the cancellation of the signals
. e - betweendns and ony, of eq 8.
denoted byAV;, and the slower one with a lifetime of

submicrosecond (700 ns at 20 in Xe-free solution) is denoted a dip between the thermal grating and the species grating

43 i i
by A_Vs. Although nonexponentlal_beha_wor_ was expectegl for gradually appears (at around 1@ under thisg? condition)
the ligand escape process by possible kinetic heterogeneity, the(Figure 2b).

kinetics was found to be expressed by a single exponential
function quite well (section 5.2) in a temperature range of@0
°CA3 This exponential kinetics may reflect a fast structural

relaxation of the protein at these temperatures. Fromr a These changes could be induced by either the effect of the
dependence measurement in a wid@ange, the slow dynamics o atom or the pressure effect. We examined these possibilities
has been clearly attributed to the ligand escape process fromby introducing nitrogen (B instead of Xe. When 0.9 MPa of

the protein to solverft! It has been shown that the volume gas was sealed in the sample cell with 0.1 MPa CO, the
change during the 700-ns process\iés = 15 & 2 mL/mol** amplitude of the initial decay component does not change, the
From a PA measurement, the volume change during the procesgate constant of the rise component is almost the same (680 ns)
of MbCO — Mb + CO was determined to b&Vipa = 9 + 3 as that without M, the dip between the thermal grating and the
cm?/mol.*3 Therefore, the volume change within a pulse width  species grating does not appear, and the recombination rate does
was calculated to bAV; = —5 + 3 cn#¥/mol. The molecular  not change. The time profile is almost indistinguishable from
origin of the negative volume change in the process of breaking that without 0.9 MPa of N (data is not shown). Therefore, the

the Fe-CO bond is not obvious. Previously, we suggested that observed Xe pressure dependence is not due to the pressure
movement of a water molecule to form the so-called distal water effect but to the coexistence of the Xe atom inside the protein.
may cause this negative volume change based on some site- Furthermore, we examined whether the quantum yield of the
directed mutation studies. CO escape is altered by an addition of Xe. Since the species

4.2. TG Signal with Xe.By an addition of Xe to the solution ~ grating signal due to CO represents the amount of CO escaped
with 0.1 MPa of CO, the temporal profile of the TG signal from Mb, the signal intensity of this component is a good
changes. For example, the TG signal with 0.9 MPa of Xe is indicator of the amount of the escaped CO. We measured the

shown in Figure 2b. Several notable changes are summarized€lative amplitudes onco at various Xe pressures and found
as follows. that it did not change by changing the Xe pressure. Hence, the

(a) The rate constant of the decay-rise component with the qg;ngﬁ(r?e zlfe;je of the CO escape is not influenced by the
700-ns lifetime in the Xe-free solution becomes faster with P The above fo.ur changes induced by the presence of Xe can
increasing the Xe pressure. The initial parts of the TG signals g Y P

at various Xe pressures are depicted in Figure 3 with a linear be explained as follows.
. . (a) The increasell; means that the CO escape rate from the
time scale to show this change clearly. o . T .
) ) ) protein is accelerated by the coexistence of Xe inside the protein.
(b) The amplitude of the decay-rise component with the o quantitative analysis of the Xe pressure dependence is
700-ns lifetime becomes slightly smaller with increasing Xe gescribed later in this section. This observation should be
pressure. (In Figure 3, this change may not be apparent withoutinterpreted in terms of the Xe-dependent CO escaping process
a curve fitting, because of the cancellation effect betwémn and will be discussed in detail in section 5.2.
andon.) (b) The initial slow rise feature originates from the cancel-
(c) Without Xe, the thermal grating signal decays monotoni- lation betweemns anddng. The amplitude obnsis determined
cally to the species grating signal. With increasing Xe pressure, mainly by the volume change associated with the CO escape

(d) The slowest decay rate of the TG signal, which represents
the recombination rate and the molecular diffusion rate, gradu-
ally increases with increasing Xe pressure.
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P. /MPa Figure 5. Xe pressureRxe) dependence of the apparent CO escaping rate
Xe (ks from Mb determined by a fitting of the slow rising componekd) (

Figure 4. Population of xenon contained in myoglobin ([Xe]/[Mb]) under  with eq 8 (squares). The Xe population at the Xe(1) site calculated by the

the pressure of xenon B calculated from data of equilibrium constantin  equilibrium constant of Xe in Mb is also shown (circles).

ref 46. The total amount of Xe ([Xe(total)]), populations at the Xe(1) site-

([Xe(1)]), and Xe(4) site ([Xe(4)]) are shown. 1.OF T T T T b

(AVy).2® Therefore, the decrease in the amplitude of this 0.8I { % { }-
component indicates thatVs decreases with increasing the Xe { } L]
pressure. A quantitative analysis of this volume change is 0850'6_ 7
discussed in the next section. =

L ; . S 0.4 .

(c) Considering thatng is negative at room temperature,
we can explain the appearance of the dip between the thermal 02k i
grating and species grating signal {at0us in Figure 2) by a
positive increase 0Bnspe (= ONco + Oonwp in eq 8) with 0.0k ! ! | ! 5
increasing Xe pressure. Since the amplitudémfo as well as 0002 04 06 08 10
the absorption spectrum of MbCO do not change by the presence Py/MPa
of Xe, the increase adnsye should be attributed to an increase LOFF - ' ' ' T
of ony due to Mb; i.e., the total volume changé\ta) 09k |
decreases with increasing the Xe pressure. A quantitative ' L]
analysis of the Xe pressure dependence of this volume change 2 08F % .
is discussed in the next section. °§,_ ok i
(d) The decay rate constant of the slowest species grating (55 ' l 8

signal is given byDupg? + kiecin g 8. From ag-dependence 061 % 1
measurement, we found that the enhancement of the decay rate 05kt i * i
was due to the acceleration of the bimolecular recombination ]
reaction k. This point will be discussed in section 5.3. 044 ' ! ' ' £

. ) . 00 02 04 06 08 1.0
One of the important observations here is that the presence P./MPa
»

of Xe changes the escaping rate of CO from the protein interior _ o
to the solvent at room temperature. If the CO escaping route is g/gure 6. Xe pressureRye) dependence of the refractive index change
. o . ue to the CO escapingris in eq 8) and the difference between the

not related to the Xe trapping site in the protein, the presence refractive index changes by the presence of Mb and Mb&@@\in eq 8).
of Xe should not influence the escaping properties. Therefore, The changes of these refractive indices indicate the volume changes induced
we conclude that a significant fraction of CO escapes from the Y the Xe trapped inside the protein interior.
protein through the Xe trapping site at room temperature, at should be a mixture of MbCO with and without Xe, and the
least, in the Xe-free solution. The CO escaping process in thetime profile should be analyzed by a sum of contributions from
presence of Xe will be discussed in section 5.2. these two species. This analysis will be presented in section

Several Xe trapping sites were reportedihe Xe site that 5.2. Here, the profile is preliminarily fitted by a single
affects the CO escaping process can be identified by measuringexponential functionks term in eq 8) to show the Xe pressure
the Xe pressure dependence, because the Xe affinities of theselependence of the rate constant clearly. The slow risingkate
sites are different. Two equilibrium constants were reported; is plotted in Figure 5 together with the relative population of
the larger one corresponds to the occupation of the Xe(1) sitethe Xe(1) site. Interestingly, the pressure dependenkgegfrees
and the other one to the occupation of the other Xe trapping well with the Xe population at the Xe(1) site. This result strongly
sites* Figure 4 depicts the fraction of Xe-contained Mb indicates that a significant fraction of CO passes through the
calculated from these equilibrium constants reported béfore. Xe(1) trapping site before escaping from the protein under the
In a range of 68-:0.6 MPa, Xe occupies mostly the Xe(1) site Xe-free condition.
and the other sites are almost empty. By comparison with this  4.3. Volume Change.The Xe pressure dependence of the
curve, we analyzed the TG signals at various Xe pressures usingamplitude oféns normalized bydny, is plotted in Figure 6. As
the same equation for the signal without Xe (eq 8). This analysis described in the principle section, there are two contributions
should be an approximate one, because MbCO in a middlein the species grating component:. population and volume
pressure range of Xe (where the Xe(1) site is not saturated)gratings. Since absorption spectra of both MbCO and Mb do
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Table 1. Apparent Total Molecular Volume Changes (A Viotal), from the iron atom of the heme. Therefore, the Xe pressure
égﬁ/aerﬁtn(tAV\z)‘f”;ﬁdczsggf:nfaz?gﬁgegr‘:‘gtnhgtehsevﬁtﬁifgﬁp%;?e dependence of Figure 6 indicates that this volume change is
Response (~20 ns) (AV; = A Vi — A V) after Photoexcitation of not influenced by the presence of Xe at the Xe(1) site, but it is
MbCO at 20 °C at Various Pressures of Xe (Pxe)? changed by the occupation of Xe in other trapping sites. This
P/MPa AVig/mL mol- AVymL mol— AViJmL mol~* observation may be reasonable because the Xe(1) site is on the
0 ) 14.74+ 1.0 541 opposite side of the porphyrin ring to the CO binding side and
0.11 10.7+ 0.5 12.6+1.0 -3+1 the long distance may not allow direct influence of Xe to the
0.25 10.0£05 12.9+1.0 -3+1 CO hinding site. The origin of the fast volume change was
8'23 13'& 8'2 i;oli i'g :ii % previously suggested as the movement of a water molecule to
0.51 81+ 0.8 126+23 543 the distal site’> We may speculate that the Xe effect on this
0.61 8.0+ 0.5 14.0£2.3 —6+3 fast volume change is caused by the influence of the trapped
0.71 4.6£0.5 11.7£0.5 —7+1 Xe on the movement of this water molecule.
0.95 2.9+ 05 13.5+ 1.0 -10+1

. . . 5. Discussion
aThese volume changes are determined by the analysis using eq 8

assuming that all of the intermediate species in the sample are uniform.

b This value has been determined in the previous report (ref 43). 5.1.Is Xe Released from Mb?The results described in the

previous section indicate that the major part of the dissociated
not change by the presence of Xe in the present experimentalCO is trapped at the Xe(1) site before escaping to solvent at
pressure range, the amplitude of the population grating com- @mbient temperature in the Xe-free solution. When Xe is located
ponent should not change by the presence of Xe. Hence, fromon the path of the CO escaping, the Xe could possibly be
the change of the amplitude of the slow rising comporent released from the protein to solvent by the collision with CO.
and eq 5, the volume change associated with the ligand escap&Ve €xamined this possibility, whether Xe is released from the
processAVsy) at various Xe pressures can be calculated as listed Protein by the photoirradiation. The species grating signal
in Table 1. It should be noted that these values are apparent'®Presents the chemical species involved in the photoreaction.
volume changes, which are obtained by assuming that all of If Xe is released, its presence should be detected as a species
the intermediate molecules in the sample are uniform. In reality, 9rating signal due to Xe. To identify the species grating signal,
as described above, Mb in the solution at a Xe pressure suchthe amplitudes of the species grating signals were calculated
that the Xe site is not saturated should be a mixture of Mb with from eq 4 for Xe and CO. Using the Lorentzorenz relation-
Xe and without Xe inside the protein interior. The apparent Ship and the molecular volume of CO (35.7 mL/ndgnd Xe
volume change in this section is an averaged value for the (42.7 mL/mol)>* we obtained the ratio of the amplitude of the
sample at that Xe pressure. species grating signal of Xéifxe) to that of CO fnco) to be
Onxe/onco = — 0.75. The difference betwe@mye andonco is
so large, and even the sign of the refractive index change is
different between Xe and CO. Furthermobepf CO is 3.4x
107° m?/s /8 which is more than 5 times larger th&nof Xe
(0.6 x 1072 m#s) 55 Therefore, if Xe is released from the protein
to solvent, the species grating signal due to Xe, which is very
much different from that due to CO, should appear.

We carefully examined the species grating signal if this
expected Xe signal was observed. However, the species grating
signal could be analyzed well by eq 8 with the reporiagb.
Furthermore, we tried to reproduce the observed signal by taking

iy o . into account the species grating signal of Xe, but we found
under the Xe-free conditiof?. With increasing pressure of Xe, that the Xe component should not be included in the calcula-

Onspe gradually increases, resulting in the appearance of a dip ,; L
between the thermal grating and the species grating signals (attlon for the best fitting. We conclude that the Xe trapped

— . o ide th tein i t rel dt Ivent but only the CO i
~10us in Figure 2). This dip is interpreted in terms of a positive Irr(]alséaesede protein Is not released to solvent but only the 'S
increase obnyy, indicating that the total volume chang®&\{ota) ' Is f h is of th vsis of
decreases with increasing Xe pressure as described in (c) in the 5.2. Models for CO EscapeOn the basis of the analysis o

previous section. The Xe pressure dependendagf is shown the previouls se(ijtions, }Ne fOl;]nd thﬁtﬁ significant fr_actio_n O_f
in Figure 6, and appareniVi, calculated from the magnitudes CO was released to solvent through the Xe(1) trapping site in

of dnyp are listed in Table 1. Interestinglynv, does not change the Xe-free solution. When Xe is trapped at .the Xe(1) S't?’ co
so much in a range of-60.6 MPa and then gradually increases. escapes from the protein to solvent faster without releasing the

This behavior sharply contrasts with the Xe pressure dependenc@(e' We may co.n5|der the following two possibilities to explain
of the Xe(1) population (Figure 4). From the relative amplitude these observations.

of Onspe determined at 0.9 MPa Xe, we found that the total () In the intermediate state, the CO is co-trapped at the Xe-
volume change due to MAViow) in the presence of Xe is 2.9 (1) trapping site with Xe. From this transient state, the CO is
+ 0.5 mL/mol. This value is 6 mL/mol smaller than that without eleéased to the solvent but the Xe stays there.

Xe. Considering thaA\Vs s rather insensitive to the Xe pressure
(Table 1)’ we should attribute thisViota change to the change (54) Moore, J. C.; Battlno, R.; Rettlch, T. R.; Handa, Y. P.; Wllhelm,JE.

\ . . . I Chem. Eng. Datd 982 27, 22.
in AV, the fast volume change just after the ligand dissociation (55) Wwise, D. L.; Houghton, GChem. Eng. Scil968§ 23, 1211.

As evident from the observation of (a) in the previous section
(Figure 6), this volume change decreases from 14.7 mL/mol
without Xe to 13.4 mL/mol in the presence of 0.9 MPa of Xe
condition, where the Xe(1) site is almost saturated. A fact that
ons changes even at 0.1 MPa of Xe (Figure 6) suggests that the
Xe dependence ohVs is caused by the occupation of the Xe-
(2) site.

As mentioned in the previous section, it has been reported
that the absolute value of the refractive index change due to
CO (Once) is almost the same as that due to Miny,) with an
opposite sign dnspe = ONco + onNwp = 0, dnco < 0 < SNp)
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1

Figure 7. Kinetic schemes representing CO escaping process from the
protein interior. MbCO denotes carboxymyoglobin. Mb:CO, Mb::CO, and
Mb:::CO represent different intermediate species.

(ii) The route of the CO escaping in the presence of the Xe
is different from that in the absence of Xe. In other words, the

main escaping route of CO is changed by the presence of the

Xe.

In case (i), the CO is trapped inside the cavity with the Xe.
The size of the Xe(1) site cavity is estimated to be about 50
mL/mol %6 and the partial molar volumes of CO and Xe are
35.78 and 42.7 mL/moP? respectively. Hence, MbCO should

tion yield and an increase in the escaping rate. Therefore, this
scheme cannot explain the observations. It is important to

emphasize that not only this scheme but also any other sequential
scheme cannot explain the observations in this study.

A clue to the solution of the CO escaping scheme is that the
CO escaping rate increases with increasing the Xe pressure.
When Xe blocks one of the CO escaping routes, the CO is
released faster through another route. This observation indicates
that the rate through this by-path route is faster than that through
the “normal” route, which is used by Mb without Xe. Why does
the CO not use the faster route to escape under the Xe-free
condition instead of the normal one? Thisveguestion may
be answered by considering a rather stable CO trapping site. If
this stable site is formed faster than the escape rate through the
by-path route, the CO is released from this trapped site
exclusively without taking the by-path route. When Xe blocks
this site, the CO should escape to solvent through the by-path
route. If the CO releasing rate from this site is slower (700 ns)
than the by-path route (400 ns), the observed feature can be
explained. In other words, the Xe trapping site should act as
the CO trapping site to retard the CO releasing. We may
consider two typical models to satisfy above conditions: dead-
end models (Scheme Il) and a branched path model (Scheme
[1). Under a condition of 0.9 MPa of Xe, Xe is trapped at the
site of Mb::CO in Scheme lla and b and Mb:::CO in Schemes
llc and III.

(B) Scheme Il.Scott et al. investigated the oxygen dissocia-
tion scheme by observing the Xe pressure dependence of the
geminate recombination rates, and Scheme Ila was propgdsed.
When Xe is introduced into the sample, Xe is trapped in a cavity
where CO is trapped in Mb::CO. The time profile of the TG

expand dramatically if both CO and Xe are trapped together. Signal based on this scheme is calculated by the following
Because of this expansion, the volume change associated witrkinetic-diffusion equations:
the CO release from the cavity is expected to be a large negative.

On the other hand, our experimental result shows that the

volume change associated with the ligand escape at 0.9 MPa

of Xe (13.5 mL/mol) is not so different from that without Xe
(24.7 mL/mol). Therefore, we can exclude this possibility. The

CO escaping route should be changed by occupying the Xe site.

We will then consider the CO escaping pathway based on
several schemes (Figure 7). The photodissociation of MbCO

generates a product called the primary species (Mb:CO). Scheme)[Mb::CO]

| is so-called the sequential model; Mb:CO disappears by
returning to MbCO or by the conversion to the secondary species
(Mb::CO). The CO escapes to solution from this species.

Scheme Il involves dead-end models. In Scheme lla, CO escapes

to the exterior from Mb:CO. The secondary species (Mb::CO)
is formed from Mb:CO and returns to Mb:CO to escape from
the protein interior. Scheme Il is a branched path model. It is
similar to Scheme II, but there are two escaping routes: the
ligand escape occurs not only from the Mb::CO state but also
from the Mb:::CO state.

(A) Scheme I.In Scheme 1, Xe would fill internal spaces
along the CO escape route (Mb::CO). Consequently, the fraction
of the geminate recombination would be expected to increase
and the escape rate to decrease. However, experimentally, a
addition of Xe results in no change in the geminate recombina-

(56) Tilton, R. F., Jr.; Singh, U. C.; Weiner, S. J.; Connolly, M. L.; Kuntz, 1.
D.; Kolliman, P. A.J. Mol. Biol. 1986 192, 443.
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3[MbCO #[MbCO

9IMbCO] i I_ DMbCO—[ " ] + k[Mb:CO]
a[Mb:CO] 8 [Mb:CO
T = DMb:CO% - (kl + k2 + k3)[MbZCO] +

k_,[Mb][CO] + k_4[Mb::CO]

#°[Mb::CO
T Mb::co% T ks[Mb:CO] —
k_s[Mb::CO]
a[Mb ¥[Mb
% =Dy E} > Ly k,[Mb::CO] — k_,[Mb][CO]
J[CO ¥[Co
% =Deo [a > ]+ k,[Mb::CO] — k_,[Mb][CO] (9)

These equations are solved with an assumption that the diffusion
process of all species and the bimolecular recombination reaction
are negligible in the time scale for the ligand escape. This
assumption is satisfied under this experimental condition, since
the molecular diffusion process is on an order of millisecond
time range £10 ms) forq ~ 10® m~! and the bimolecular
recombination reaction timek(,™%) is 3 ms, while the ligand
escaping time is on an order of 700 ns. Solving these equations,
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one obtains the build up time profile of the species grating signal ' ' ' ' T ' '
as

ONgpd) = Oy colMD:CO] + [ONyeco + (NIVIAV;AN]
[Mb::CO] + [Onys.co + (AN/AV)(AV, + AV,)AN][MDb][CO]

= 0n, exp(—kyt) + ong exp(—Kgt) + dn (20)

3
where £
ki(k; + k, — k 53— F) — kk
on, = 1(ky 2 3 ) 25 Mo +
2F(k, + k)
Ks on k+k—k—k;—F k {on -
(= + ot g
2F(8V)AV1AN 2F o+ kZ\av)AVZAN A
0 0.5 1 1.5 2 2.5 3 3.5
n _|(1(k1+k2_k—s‘H:)_kzke,>< n _ t/us
B 2F(k, + k) Mb:CO Figure 8. TG signal representing the CO releasing process without Xe is
— k. — amplified (dotted line) and fitted by a single exponential function with the
—B(E)AV AN — kit —k—kstF Kk (@)AV AN 700-ns lifetime (solid line) and a biexponential function with lifetimes of
2F\av)— 1t 2F k, + k2\8V 2 700 and 400 ns (broken line) (based on Scheme llb of Figure 7) convoluted
" " with the thermal grating signal.
- an
one = (ﬁ)énm;co'f‘ ﬁ(a—v)AVZAN escape process is expressed by a single exponential function
1 2 1 2

well. At the same time, to explain the high escaping yield (94%),
the CO should be quickly released from Mb (not returns back
to MbCO) after the CO is transferred from Mb::CO to Mb:CO,
and this condition can be satisfied Iy > k;. Hence, the
features of the escape process can be reproduced well on the

F = /(K + Ky + ks — K_o)* + 4kak_
_fathktktko—F

A 2
basis of this model with these rate constants.
_ kitlotkt+ks+F However, this model with the above-mentioned rate constants
2 cannot account for the Xe pressure dependence. When the Xe-

(1) site is occupied by Xe, the Mb:C& Mb::CO process is

Here, 6an;CO is the refractive index Change associated with blocked. Hence’ th& andk73 processes become neg||g|b|e In

the MbCO— Mb:CO processiAVi andAV; are volume changes  this case, the ligand escape rate shoulckber (180 ns)™.

by Mb:CO— Mb::CO and Mb:CO—~ Mb + CO, respectively.  Thjs is qualitatively understandable, because the CO escape rate
FurthermoreAN is the number density of the photodissociated of Scheme Ila should be the same as the geminate recombination
MbCO under the Xe-free condition. We assume that the rate without the CO storage site (Mb::CO). At a Xe pressure
population grating terms for Mb:CO, Mb::CO, and Mb::CO are  sych that the Xe(1) site is not saturated, Mb in the solution
the same, which is a reasonable assumption because th&hould be a mixture of Mb containing Xe(1) and without Xe.
absorption spectrum is not sensitive to the ligand trapped The observed escaping profile should be expressed by a sum

position. The rate constantg andks, correspond to the ligand  of the escape profiles from these two species:
escape rate ((700 ns) and the geminate recombination rate

((180 nsyY), respectively.

Before considering the Xe effect, we estimate the order of
the rate constants qualitatively based on the experimentalwheref is a fraction of the Xe-contained Mb. Furthermodes
observations without Xe. According to eq 10, the CO release andks are parameters in eq 8 for MbCO without Xe, ang*®
process should be expressed by a biexponential function. Onis the refractive index change due to the ligand escape for MbCO
the other hand, as described in the previous afficded in with Xe. We tried to fit the observed profile using eq 11 with
section 4.1, this kinetics is well-expressed by a single expo- f calculated from the equilibrium constant at the Xe pressure
nential function with a rate of (700 ns) In Figure 8, we show (0.3 MPa,f = 0.67)46 but the calculated one cannot reproduce
the initial part of the TG signal in the absence of Xe, which the observed curve as shown in Figure 9. Therefore, the
represents the CO escaping process and the decay of the thermalynamics from Scheme lla cannot explain the observed Xe
grating, together with the best fitted curve by a single pressure dependence of the rise profile of the TG signal. The
exponential function convoluted with the thermal grating signal. poor agreement is due to the large rate constarkg of

(1 —f)ongexpkd) + 1‘<§ane exp(—kgt) (12)

The agreement of the fitting is quite good. To reproduce this

It may be instructive to consider possible modifications within

single exponential behavior based on Scheme lla, we mustthe framework of the dead-end model for reproducing the 400-

consider thaks is much larger than the other rate constakgs (
> k_3, ko, k_2) andk_3 is the rate determining rate ((700 n¥)

for the ligand escape process. Under this condithor,becomes
dominant compared withdng. Qualitatively, most of the
photodissociated CO is trapped at Mb::CO efficiently and the
escape process is determined bykhgprocess so that the CO

ns dynamics of the Xe-trapped MbCO. A simple improvement
of Scheme lla may be achieved by placing one more intermedi-
ate before the CO releasing step as shown in Scheme llb. If
Mb::CO is blocked by Xe ané is (400 ns)! in this scheme,

the CO releasing rate with Xe is expected to be 400 ns, which
agrees with the experimental observation. However, in this case,
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(C) Scheme llI. Finally we consider Scheme Ill. The kinetic-
40 diffusion equations based on this scheme are given by:
30k d[MbCO ¥[MbCO
3 Abeol_ DMbCOg + k,[Mb:CQ]
g ot e
\E 20_
) 3[Mb:COJ #[Mb:CO]
o 2 "ot =Duco— 5 ~ (ki +kIMD:CO] +
O e 4
)1 | | | | | | kG[Mb][CO]
d[Mb::CO] #°[Mb::CO]
o DMb::COa—Xz + k[Mb:CO] —
40 (kg + k5)[Mb::CO]
301 3[Mb:::CO] #°[Mb:::CO]
5 5t ~Dumco 5+ kIMb:CO] -
< 20+ 0
ol ol | k,[Mb:::CQ]
. d[Mb ¥[Mb
0“’“‘4"*; | | | | | I [at | =Dy E)xz ] + k,[Mb:::CO] + k[Mb::CO] —
0 1 2 3 4 5 6
t/ s ke[Mb][CO]
Figure 9. Examples of the best fitted lines (solid lines) for the transient @[CO] 82[CO]
grating signal (dotted lines) due to the CO escaping process in the presenc — . _
of 0.1 MPa of carbon monoxide and 0.3 MPa of xenon based on Schemes gt Deo NG + k[MD:::CO] + ke[Mb::CO]

lla (upper) and Il (lower) of Figure 7.
o . : ke[Mb][CO] (12)
we meet another difficulty: the CO releasing process without

Xe cannot be reproduced as follows. The escape process, inThese equations are solved under the same assumptions for
this case, should occur from Mb:::CO, which is formed in 700 solving eq 9. The buildup time profile of the species grating
ns and decays with 400 ns=(k,~1); that is, the CO releasing  signal is given by
process is expected to be expressed by a biexponential function
of these rate constants with similar amplitudes. We tried to fit ‘5nspe(t) = ONy.colMb:CO] + [ONyp.co +
the rise part of the TG signal without Xe by this biexponential ~ (3n/dV)AV,AN][Mb::CQ] + [0nyp,.co + (a/aV)(AV, +
function, but it was unsuccessful (Figure 8). The origin of the AV,)AN][Mb:::CO] + [0nyp.co + (AN/aV) (AV, + AV, +
poor fitting is due to the fact that the 400-ns dynamics is too AV,)AN][Mb][CO]
fast to reproduce the rise part for the Xe-free sample.

Another plausible modification of the dead-end model is given = dn, exp(—kat) + ong exp(—kgt) + onc exp(—kt) + dng
as shown in Scheme llc by adding one more intermediate before (13)
a branched intermediate. The reported X-ray structures suggested,,are
that the Xe(4) site might be this secondary intermediate site

for CO between the primary docking site and the Xe(1)it¢® Sn. = Ky — kzén B ﬁ on AV.AN -+
However, this model cannot explain the observed CO escape” A Ky Mb:CO kA(aV) 1
process either as follows. To explain the high escaping yield, _
ko should be larger thak; (k, > k) so that the geminate A(@)AVZAN ok ~ keka) /@)A%AN
recombination ratekb) should be (180 ns}. Using these rate (ks — Kg)ka\0V, (ka — kg)(ka — k4)kA\8V
constants, one may find thkt should be (400 ns} to explain K, fan
the kinetics with Xe. However, in this case, the CO escaping ong = — T kB(B_V)AVZAN +
process without Xe should be expressed by a convolution of A
k_s and k,; (~(400 ns)l); that is, the biexponential function KoKy —Ks)  an
with 400 ns and~700 ns. This function cannot reproduce the (ky — Kg) (kg — 4)\3_\/)AV3AN
observed TG curve without Xe as stated above for Scheme lib.
Therefore, we can exclude this scheme as well. Sn. = Koks [@)AV AN
It is difficult to make more complex schemes within this dead- C (ka — kp)(kg — k4)\8V 8

end model to simultaneously satisfy the single exponential
behavior for the Xe-free sample and the buildup profile under She = {6n + (@)AV ,AN}E
the Xe-trapped condition. Furthermore, it could be difficult to ~ © Mp:CO gy ek,
examine the adequacy of such models based on the present
experimental results. Although we cannot completely exclude Ko =k Tk
the dead-end model from this experiment, it may be reasonablekB =k + ks
to conclude that simple dead-end models cannot explain the

experimental observations. K
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Furthermore AV1, AV,, and AV3 denote the volume changes Table 2. Total Molecular Volume Changes (A Viotal), Volume

; ; . . . . Changes Associated with the CO Escape to Solvent (AVs), and
associated with the processes, Mb.GO\/Ib..CQ, Mb::CO Volume Changes within Our Time Response (~20 ns) (A V) after
Mb:::CO, and Mb:::CO— Mb + CO, respectively. Photoexcitation of MbCO That Contains Xe at the Xe(1) Site at 20

Apparently,ka is the geminate recombination rate constant °C at Various Pressures of Xe (Pxe) Determined by the Analysis
N o . oo Based on Scheme Il of Figure 7
(~(180 nsy1). Since the Xe trapping site is assumed to be the

site for Mb:::CO (vide supra) and the CO escaping pathway _ P«/MPa AViga/mL mol ™t AVeJmL mol ™t AVimL mol ™t
changes depending on the Xe blocking of the cavity, most of 0.11 5+2 15+2 —10+2
the CO should escape to the solvent from the Mb:::CO state 8-%5_’ gig gii :gig
under the Xe-free condition, indicating thHatshould be much 0.95 34+ 2 1341 —10+1

larger tharks (ks > ks). Furthermore, since the 700-ns dynamics
has been clearly identified as the CO escaping process from
the proteint* ke = k4 should be (700 ns} under the Xe-free
condition.

Using this model, we expect that the CO releasing process is
expressed by the triexponential function (eq 13). However, if
ks is much larger thata, ke, andks (ks > ka, ke, ks) and AV;
is also much larger thattV; andAV, (AV3 > AVi, AV5), only
the onc exp(—kct) term becomes dominant with the other terms
being negligibly small. In this case, the buildup time profile is
well-expressed by a single exponential functiongexp(—Kkst)
in eq 8) for the Xe-free solution, which agrees with the
experimental observation. The smaller volume change4¥Yar
and AV, are reasonable, because they are associated with the
CO transfer inside the protein interior, whifVs should be
large because it is associated with the CO releasing process tc
solvent. Therefore, the single exponential behavior for the Xe-
free sample can be explained on the basis of this model.

Importantly, under the above condition, we can simulta-
neously explain the enhancement of the CO releasing rate with
Xe as follows. When Xe is occupied at the Xe(1) site, the Mb::
CO — Mb:::CO process is prohibited so that the and k4
processes can be neglected. In this caseytexp(—Kkct) term
becomes negligible and théns exp(—kgt) term becomes  Figure 10. Schematic representation of the CO escaping process from the
dominant as expected from eq 13. The observed CO escapmd*neme site to solvent. The photodissociated CO from the heme first moves

rofile should be expressed by a sum of escape profile from into the empty space near the heme binding site (Mb:CO). Most of CO
p p Yy pe p moves further into a cavity in the protein (Mb::CO), probably at Xe(4)

=(400 ns)! Leu29

gf ”:‘;:ﬁlgons)] 1e107
b

k;>>(400ns)’!

Myoglobin

Xe-free MbCO and Xe-contained MbCO as site, with a quantum vyield of 94%. This rate consta) {s about (180
ns) ! as observed in the transient absorption signal. Minor fraction of the
(1 —f)on,exp(kg) + féane exp(—ksdt) (14) CO moves back to the heme as the geminate recombination. From this Mb::

CO state, the CO can escape the solvent with a lifetime of about 400 ns

We found that the observed signals at various Xe pressures car?fst;)r (Zu;mé)s tTO,Iet rgg Cegﬁ é@rfpeedffgnghﬁuzi(ltlg f(;t?thgow(éSt)vmﬁcg
be consistently reproduced by this equation. It is important to lifetime of 700 ns ks~Y).
note that adjustable parameters in this equation are amje
andks. The fractionf is also calculated independently from the this site to solvent with a lifetime ofs™* = 400 ns, but the
reported equilibrium constaft,andons andks determined for transfer rate to the Xe(1) sit&s] is much faster so that most of
the Xe-free solution are used. For example, the data at 0.3 MPaCO is trapped in the Xe(1) site. The CO escapes to solvent
Xe pressure can be analyzed well as shown in Figure 9fwith from this trapping site directly with a lifetime of 700 ns. When
= 0.67. The best fitted parameters &e—= (2.51 + 0.03) x the Xe(1) site is occupied by Xe, the CO cannot go to the Mb:::
10 s71 = (3984 4 ns)!, andAV, + AV3 = 13+ 1 mL/mol. CO site and escapes through the Mb::CO state with a lifetime
We fitted the signals under various pressures of Xe, and the of 400 ns. This is a qualitative explanation why CO does not
obtained parameters for MbCO containing Xe are listed in Table take a faster route without Xe. The ligand escaping process is
2. The obtained parameters agree well with each other, indicatingschematically shown in Figure 10.
that this scheme can explain the observed TG signal consistently Previously, the time-dependent Hartree method was used to
at any pressure of Xe. Therefore, we conclude that this branchedpredict the ligand escaping trajectory in MiThe calculation
path model may be appropriate for describing the CO releasing. showed that the CO exits by diffusive hopping from one cavity
5.3. CO Escaping ProcessUsing Scheme lll, we now  to another in the protein. The multiple sites shown in Figure
describe a molecular model for the CO escaping process. WelO, in particular the Xe(l) site observed in the present
may safely consider that the CO is located close to the hemeexperiment, agree with the cavities in this calculation. The
(primary docking site) in the initial intermediate Mb:CO as calculation also showed multiple exits by ligand trajectories,
observed by the time-resolved X-ray stdtlgnd IR spectros-  such as EF and N terminal exit, A/E exit, AB/G exit, proximal
copy2® The CO may be then transferred to the other site such His exit, and CD exit. The routes in Figure 10 may indicate
as the Xe(4) site in the Mb::CO state. The CO is released from these possible exit routes. For example, the exit from the Mb:::
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CO site corresponds to the proximal His exit, and the exit from recombination process in future. Furthermore, we believe that
Mb::CO represents the other routes from the distal His side. the CO releasing process may be revealed in more detail by
Recently, a time-resolved X-ray crystallographic study revealed measuring the Xe pressure dependence of the releasing rate for
that CO in the Xe(4) site is very short-lived and CO is mostly some site-directed mutants.
trapped at the Xe(1) site for abou:8° This is also consistent Conclusion
with the present scheme and the assignment that the CO location
in Mb::CO and Mb:::CO correspond to the Xe(4) and Xe(1) The CO escaping process from Mb to solvent is studied as a
sites, respectively, although the lifetime of the Xe(1) site is much function of Xe pressure under physiological conditions by the
shorter (700 ns) in solution. For understanding the molecular time-resolved transient grating technique. We found that the
mechanism of the reversible oxygenation of Hb and Mb in vivo, apparent ligand escaping rate and the apparent volume contrac-
the ligand dissociation route should be clarified under physi- tion associated with the ligand escape increase with increasing
ological conditions. The present ligand escaping route basedXe pressure. The pressure dependence of the rate agrees well
on the investigation under physiological conditions should be with the expected Xe population at the Xe(1) site. This result
useful for further studies of this mechanism. clearly indicates that a significant fraction of the dissociated
Finally, we briefly comment on the bimolecular recombina- CO passes through the Xe(1) site in the solution phase at room
tion reaction of Mb and CO. The decay rate of the final step of temperature. It is also shown that the trapped Xe is not released
the TG signal represents the molecular diffusion and recombina-to solvent even after the CO is released from the Xe-trapped
tion reaction Dwp0? + kred. This rate slightly increases with  MbCO. We examined several possible dissociation schemes to
increasing the Xe pressure. Since it is hard to believe that the explain the rate enhancement by blocking the Xe(1) site in detail
dissolved Xe changes the diffusion coefficient, this rate increase and found that simple dead-end models could not account for
is explained by an increase k. Indeed, by changing?, we the observed releasing rate. However, a branched path model
found thatk. increases from 3 ms without Xe to about 2 ms with three intermediate states along the pathway can reproduce
with 0.9 MPa of Xe. This Xe pressure dependence suggeststhe essential feature well. According to this model, CO is trapped
that the Xe-trapped site (Mb:::CO in Scheme Ill) is involved inside the Xe(1) site to retard the ligand escape from the protein.
also as the route for the CO recombination. If we assume that Although we cannot completely exclude a possibility that there
the CO returns back to the heme position by taking the same are other models to reproduce the observed time profile of the
route as the escape route (Scheme Ill), we can explain theTG signal, the results of the present experiment should be used
observed Xe pressure dependence as follows. Since Mb:::CQas a criterion to judge the adequacy of other proposed models
acts as the CO storage in the CO recombination process withoutn future. The CO escaping time, the total volume change, and
Xe, the rate from Mbt CO to Mb:::CO should be much faster the volume change associated with the CO escape for the Xe-
than that to Mb::CO. The increase in the rate with the Xe trapped MbCO are determined to be 400 ns, 2.9.5 mL/
pressure increase can be explained if the rate fromtviBO mol, and 13+ 1 mL/mol, respectively.
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