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Energy relaxation dynamics in the optical excited state of myoglobin
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In order to obtain information on the fast dynamics of the conformational fluctuation of a protein, absorp-
tion, steady-state, and time-resolved fluorescence spectra have been measured in the spectral region of the
lowest optical absorption band of Zn-substituted myoglobin between 170 and 290 K. The obtained spectra have
been analyzed using the single-site spectra calculated from the experimentally determined effective density of
states of vibrational modes of Zn-substituted myoglobin. A configuration-coordinate model has been adopted
to take into account the inhomogeneous broadening of the spectra. The fluorescence spectrum has also been
compared with that calculated from the absorption spectrum on the basis of the Einstein relation. The results of
the analyses show that the conformational relaxation occurs in the excited state, but is not completed within the
lifetime of the excited state even at room temperature. The dynamic Stokes shift, which is expected in such a
case, has not been observed in the whole temperature range examined. This indicates that the excited-state
dynamics in myoglobin is different from that due to the thermal crossing over static potential barriers. The
experimental results are explained well by a model based on hierarchically constrained dyhaoiés-
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[. INTRODUCTION tein molecules with different time constants, i.e., an en-
semble heterogeneity. Moreover, from the investigations of
Recently, there has been a growing interest in complexhe relaxation processes to the deoxy equilibrium structure
systems such as glassy materials. In particular, much attemdter photodissociation of myoglobin, it has been suggested
tion has been focused, in recent years, on the relaxation dyhat the conformational substate shows a hierarchical glass-
namics. The conformational fluctuation of a protein is con-like structure'®
sidered to be important not only from the viewpoint of  Myoglobin has several absorption bands in the visible re-
biological functions, but also as a typical example of thegion due to the optical transitions in a chromophore of proto-
fluctuation of a complex system. It is known that a proteinheme (Fe-protoporphyrin X, which is packed by the
molecule has a large number of conformational substategolypeptide chain. Since the conformational change affects
i.e., nearly degenerate local minima of the free energy, bethe optical spectra, it is possible to study the conformational
cause of its complexity and flexibility Proteins in different  fluctuation of a protein by optical spectroscopy using this
substrates have the same coarse structure and almost ttleromophore as a probe. In fact, from the temperature de-
same energy. Microscopically, however, they have slightlypendence of the spectral shape of the Soret band of deoxy-
different structures and accordingly slightly different ener-myoglobin, it has been shown that the absorption spectrum
gies. Conformational fluctuation corresponds to the transitiombove ~250 K is reproduced under the assumption of the
among the substates. At physiological temperatures, the préhermal equilibrium of the protein molecule in the ground
tein molecule is considered to fluctuate among the conformastate, while that below-250 K is insensitive to temperature
tional substates and behave like a liquid. At low temperaand can be explained by assuming the Boltzmann distribu-
tures, on the other hand, it will freeze into some substate antion at 250 K° This result suggests that deoxymyoglobin
become glasslike. Such a picture of proteins has been verbecomes glasslike below 250 K. Although the glass tran-
fied mainly in myoglobin by various methods, such as x-raysition temperature thus estimated is a little higher than that of
structure analysié;* Mossbauer spectroscopy'® specific-  160—220 K obtained in myoglobin by other methods, the
heat measurements;®® and  incoherent neutron glass transition temperature is sensitive to the water content
scattering-**° of the sampl& and may also depend on the myoglobin spe-
There have been several investigations on the glasslikeies. It is also possible that only the fluctuation among sub-
dynamics of protein&® For example, the time profile of the states with high potential barrier heights affects the optical
binding kinetics of ligands such as oxygen and carbon monspectrum. Further, the broad homogeneous width of the ab-
oxide bound to myoglobin, after photodissociation, has beesorption band due to the very short excited-state lifetime in
found to be nonexponential at temperatures lower than 160 ideoxymyoglobin may have obscured the transition tempera-
and to be reproduced well by a sum of exponential functiongure in this experiment.
with different time constants that obey the Arrhenius Time-resolved fluorescence spectroscopy is considered to
expressiort! The temperature-independent distribution func-be very effective for obtaining information on the fast con-
tion of the barrier height for the ligand binding has also beerformational relaxation. Reflecting the fact that a protein has
determined. Further, it has been shown that this distributiomany conformational substates, the adiabatic potential sur-
is not due to an intrinsically nonexponential kinetics within afaces of the ground and excited states of the chromophore are
single protein molecule, but due to parallel dynamics of pro-considered to have a large number of energy valleys, as il-
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on theQ(0,0) band, i.e., the lowest optical absorption band,

which is due to the transition of & electron in the porphyrin

ring of the chromophore. A part of the result has already
3 been reported briefl§?

Il. THEORETICAL BACKGROUND

When a dye molecule is introduced into disordered sys-
tems such as solutions and polymers, the configuration of the
surroundings of the dye molecule is not uniform. Each con-
figuration of the surroundings is called a site. In the case of a
chromoprotein that can have various conformations, the
chromophore corresponds to the dye, while a conformational
substate to a site. Since the transition energy depends on the
site, the optical spectra exhibit inhomogeneous broadening
when a system has many sites. Then, the absorption spec-
trum is expressed as

excited state

excitation

Energy

Fromd state 1) = f G(wo) ™ @, wo)dwg, 1)
0

where of®(w,w,) is the absorption spectrum of the dye
Conformational coordinate molecule in a single site with the energy of the zero-phonon
line at wy, and f¥(w, wy) is called the shape function of the
FIG. 1. Adiabatic potential curveolid lineg of the electronic  single-site absorption spectrum. Furth€(w,) is the site-
ground and excited states of a protein as a function of the conforenergy distribution function, which describes the inhomoge-
mational coordinate, where the local minima indicate the conformaneous broadening. If no site change occurs in the excited
tional substates. The dashed lines correspond to the configuratiostate, the SEF spectrum measured by a photon-counting

coordinate model represented by E(®.and (4). method under monochromatic light excitation is expressed as
lustrated schematically in Fig. 1. According to the Franck- . % a 30t
Condon principle, the optical transition occurs vertically in |~ (@,@)= . G(wo) 0 f™ wy,wg) 0 (@, w)dwy,

this figure. After the protein is excited by light irradiation, it

. . (2
may go down toward the bottom of the potential surface in
the excited state during the fluorescence process, as seenvifiere w; is the excitation energy an@*f"(w,w,) is the
Fig. 1. Therefore, information on the rapid relaxation processingle-site photon-number fluorescence spectrum. In this pa-
in the excited state will be contained directly in the time-per, we employ the configuration-coordind@C) model in
resolved fluorescence spectra. In fact, it is known in dydhe treatment of the inhomogeneous broadening and the
solutions that the time-dependent change in the fluorescen&éngle-site spectra are calculated from the experimentally ob-
spectrum gives detailed information on the excited-state retained effective density of states of vibrational modes of Zn-
laxation dynamic$%2! If the protein is liquid-like at high substituted myoglobin.
temperatures, it may show fluorescence characteristics simi-
lar to those of dye solutions. Consequently, it will be pos- A. Configuration-coordinate model

sible to obtain information on the flu_ctuatlon among the CON- |+ 1as been shown that the CC model is successful in
formational substates of a protein from the relaxation

dynamics in the excited state by the fluorescence spectroeXplammg the inhomogeneously broadened line shapes of

copy. Although there have been low-temperature experi—ﬁqe chromophore in ~ deoxymyoglobin and dyes in

. h solutionst®?*In this model, the energies of the local minima
ments such as fluorescence line-narrowing spectrostopy,

the detailed fluorescent characteristics of myoglobin have no(%f the adiabatic potential surfaces for the ground and excited
i : A yog electronic states of a chromophore or a dye interacting with
been studied yet in the liquidlike temperature range.

g : ! the surroundings are assumed to be on the smooth curves of
In order to investigate the relaxation among the confor- . ) . . :
. . . . functions of the configuration coordinat@, which corre-
mational substates in the excited state of a protein, we have . : ) .

. . . sponds to the conformation of a protein or the configuration
measured absorption spectra, time-resolved laser-induce

\ : ot the surrounding$Fig. 1). We assume these curves to be
fluorescencéTRF) spectra and stationary-laser-excited fluo- . ) -
. arabolas with the same curvature and different minimum
rescence(SEP spectra in the temperature range betwee

about 170 K, the vitrification temperature of the solvent, and’ ositions as

room temperature in Zn-substituted myoglobin, i.e., myoglo- U —a(0O—0n)2+E’ 3
bin whose heme iron is replaced with zinc. This substitution o Q=a(Q=Qo) ’ @
is necessary because native myoglobin shows no fluores- Ug(Q)=aQ2. ()

cence. Efficient fluorescence due to €0,0) transition is
observed in the red spectral region in the case of ZnThese curves correspond to the envelopes of the energies of
substituted myoglobin. Thus we have focused our attentiothe conformational substates, which are assumed to be dis-
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tr!butgd unifor_mly on thg curves. Th.en, the site-en.ergy.dis- g(v)=[nr(v)+1]s(v)+ne(—v)s(— v). 9)
tribution functionG(w,) is derived using the population dis- . . ) )
tribution in the ground stat®(Q) through Then, the shape function of the single-site absorption spec-

trum is expressed as
+

G = OCP —AU dQ, 5 *
(wo) fﬁx (Q)é[wo (Q)] Q ( ) fab(w,wo)zg(w_wo)"' 21 q)(m)(w,wo), (10)
with
with
AU(Q)=U(Q)—Uy(Q)=—-2aQyQ+E,

OM (g, =(1/m! m
(E=E'+aQE=E'+d/2), (6) (o) =( m)fj fg(”l)g(”” 9(vm)

whered is the Stokes shift for the case that the thermaliza- X(w=wo=v=vy= V)

tion is sufficiently fast in both the ground and excited states. Xdvdvy- - -dyy, (12)

If P(Q) is a Boltzmann distribution, we have _
where thes-function component corresponds to the zero-

+oo aQ? phonon line, while®™(w,w,) to the m-phonon sideband
G(wo)“f exp( - ﬁ) dlwo—AU(Q)]dQ, component (1=1,2,...). Since the mirror symmetry rela-
o B tion holds between the shape functions of the absorption and
(wo—E)? fluorescence spectra under the above assumptions, we obtain
“exﬁ{ T T 2dkgT

: ()

¥ w,wo) = (20— w,wq). (12
wherekg is the Boltzmann constant antd is the absolute Further, if these shape functions, and accordingly the
ter?r?etrr]?stu(r:e(.: model, the energy relaxation in an eIectronicWDOS' are independent of the site, we haifo, wo)
state accompanied by the change in the configuration of the f(w= o) and the following relation holds:
surroundings or the conformation is interpreted in terms of 128w — wq) =M wy— o). (13)

the population dynamics on the potential curve. Time-

dependent changes of the TRF and transient hole-burninghus once the WDOS is obtained, we can derive the single-
spectra of dye-solution systems have been explained vesjte absorption and fluorescence spectra at a given tempera-
well by using this modef®21-2° ture.

Recently, a method to determine the WDOS and the site-
energy distribution function in a dye-polymer system has
been devised using a fluorescence line-narrowing

The single-site absorption spectrum broadens because @fchnique?”-?® The single-site spectra have been obtained for
the Coupling of the electron of the Chromophore with thEa dye in po|ymer films by the above-mentioned procedure
vibrations of the atoms constituting the chromophore and it$rom thus determined WDOS's. It has been shown that the
surroundings and contains a phonon sideband in addition tgEF spectra calculated using these data throughBde-
the zero-phonon line. If we employ the adiabatic and Condorproduce the spectra measured at various temper{fﬁjfgs_

approximations, the absorption spectrum can be express&kc. vV we use the single-site spectra calculated from the
using vibrational wave functions for the cases that the chrowDOS obtained in myoglobin.

mophore is in the ground and excited states. Let us regard
the motions of the atoms as an ensemble of normal-mode
harmonic oscillators and confine ourselves to the case of the
linear interaction between these oscillators and the electron In order to prepare Zn-substituted myoglobin, the Fe-
involved in the optical transition. Then, we can calculateprotoporphyrin IX in myoglobin was replaced with Zn-
these wave functions and accordingly the absorption spegrotoporphyrin IX. The structural formula of Zn-
trum analytically?® The result is expressed using the densityprotoporphyrin 1X is known to be the same as that of Fe-
of states of vibrational modes weighted by the electronprotoporphyrin IX, except that the Fe ion in the center of
vibration coupling strength. This weighted density of statesprotoporphyrin IX is replaced with a Zn idfi.The detailed
of vibrational modegWDOY) is given by procedure of preparation has already been descfibéul.
order to prevent the sample from becoming opaque with de-
5 creasing temperature, Zn-substituted myoglobin in a
s(v)= ; &o(r=n), ®) glycerol-buffer solutior(volume ratio of 2:1, which we call
ZnMb hereafter, was used. For the purpose of comparison of
where¢, is the dimensionless coupling constant between th&nMb with a solution containing the same chromophore, Zn-
electron and the vibrational modewith energyv, . protoporphyrin X (Porphyrin  Products Ing. in
Using the occupation number(v) of the phonon with  N,N-dimethylfomamide(DMF; Nacalai Tesque Ing. was
energyv, let us define the phonon function corresponding toprepared. The sample in a quartz cuvettehwtl mmpath
the one-phonon sideband component of the absorption speength was placed in a flow-type cryostat and cooled by the
trum as continuous flow of gas from a liquid-nitrogen vessel. The

B. Weighted density of states of vibrational modes

IIl. EXPERIMENTAL PROCEDURE
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sample temperature was maintained withid K during the
measurement by a temperature contro{@mron E5EX.

It is known that a double bond in a molecule possibly
reacts with oxygen by light irradiation and breaks into a
single bond. The porphyrin dye is a conjugated system con- ’
taining several double bonds. Therefore, oxygen in ZnMb
and Zn-protoporphyrin IX in DMF was exchanged for nitro-
gen by bubbling nitrogen gas into the sample and then the
sample cell was hermetically sealed. These processes were
performed in a glove bag. Even if the reaction occurs with
residual oxygen, it has no problem for our experiment be-
cause the absorption spectrum of the reacted molecule is lo-
cated far from the spectral region of our measurement.

The TRF spectra were measured by a time-correlated
single-photon counting method under excitation by a
rhodamine 6G laser pumped by a cw mode-locked Axser
(Spectra Physics model 2020he whole experimental sys-
tem has already been described in defaifhe instrumental

285 K

INTENSITY

INTENSITY

e AR R RN SN B
response function to the laser pulse was found to have a 16500 16800 17100 16500 16600 17100
half-width at half maximum of about 100 ps. The TRF spec- Wave number (cm~") Wave number (cm~)
tra were recorded using a time gate of 300 ps width, which
was obtained by a time-to-amplitude converter equippe
with a single-channel analyzer. The absorption and SE
spectra were measured by a combination of a cooled side-

FIG. 2. Temperature dependence of the absorption spectrum of
nMb (dotted line$. The solid lines were obtained from E@.) by
using the single-site absorption spectrum calculated from the
weighted density of states of vibrational mod®DOS) and the

on-type photomultiplie(Hamamatsu Photonics model R928 site-energy distribution function of Eq7).

and a double monochromattBpex model 14018 The light

sources for the measurements of the absorption and SEF _ _
spectra were a halogen lamp and a rhodamine 6G las&€tween 170 and 290 K, the time profile of the fluorescence

pumped by a cw At laser, respectively. The intensity of the intensity was almost independent of both observation wave-
dye laser beam was stabilized by a laser power controllgf€ngth and temperature and was essentially in accordance
(Cambridge Research and Instrumentation model LPG-VIS with the single exponential function with a time constant of
The obtained fluorescence spectra were corrected for thel NS, though the time profile just after the excitation was
wavelength-dependent transmittance of the monochromatdlot measurable at the excitation wavelength owing to the
and sensitivity of the detector. Further, in order to obtain the®rong scattering of the laser light by the sample. The TRF

shape functions, the absorption and fluorescence spectpRectra of Fig. 5 are essentially the same as the SEF spectra.
were divided byw and o3, respectively, whereo is the This is reasonable if the above relaxation from the excitation

energy of the detected photon. energy occurs within a time much shorter than the ﬂuore_s-
cent decay time, because the observed TRF spectra are time
independent. In the following sections, we discuss these ex-
IV. EXPERIMENTAL RESULTS perimental results from several viewpoints.

The dotted lines in Fig. 2 show the temperature depen-
dence of the absorption spectrum of ZnMb. The peak energy
shifts toward the low-energy side and the width broadens
with increasing temperature. It was found that the fluores-
cence spectrum depends on the excitation wavelength up to
room temperature. As an example, the excitation-energy de-
pendence of the SEF spectrum at 293 K is depicted in Fig. 3.x
We see that the peak energy of the fluorescence spectrung
shifts toward the high-energy side with a slight increase of &
the width, as the excitation energy is increased. Next, we 2
show the temperature dependence of the SEF spectrum by
dotted lines in Fig. 4. It is noticed that its peak energy shifts
toward the low-energy side and its width broadens with in-
creasing temperature. Finally, the TRF spectra at various
temperatures are shown in Fig. 5. Almost no time-dependent
change of the spectrum is observed after 400 ps at each tem-is400 16600 16800 17000 17200
perature. Further, the spectral width and also the difference Wave number (em™})
between the peak energy and the excitation energy increase
with increasing temperature. It should be noted that the re- FIG. 3. Stationary laser-excited fluorescen&EP spectra of
laxation from the excitation energy to the observed peak enznMmb excited at 16 90(crosse 16 800(starg, 16 700(triangles,
ergy occurs within 400 ps. In the whole temperature regiorand 16 600 cm? (circles at 293 K.
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FIG. 6. (a) WDOS of ZnMb (Ref. 29 and (b) temperature de-
pendence of the single-site absorption spectrum calculated from the
WDQOS through Eq(10) using Egs.(9) and (11). The spectra are
normalized at the peak of the zero-phonon line, which has been
assumed to have a widfFfWHM) of 1 cm™1.

FIG. 4. Temperature dependence of the SEF spectrum of ZnMb
excited at 16 940 cm’ (dotted lineg. The solid lines were obtained trum. It is ascribed to the presence of many conformational
from Eq. (2) by using the site-energy distribution function of Eq. substates in myoglobin. As shown later, the analysis of the
(7) and the single-site absorption and fluorescence spectra calcabsorption spectrum indicates that the population in the

lated from the WDOS.

V. DISCUSSION AND ANALYSIS

A. Existence of two relaxation modes

ground state is in thermal equilibrium at all the temperatures
examined. Therefore, the conformational fluctuation among
the substates is considered to occur in this temperature range.
However, the relaxation connected with this fluctuation in
the excited state is concluded to have a time scale much

The SEF spectrum of ZnMb is dependent on the excitalonger than the excited-state lifetime, because almost no
tion energy. Therefore, it is clear that there exists an inhotime-dependent change is observed in the TRF spectrum af-
mogeneous broadening mechanism of the absorption speter 400 ps and also because the SEF spectrum depends on the

INTENSITY
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F o
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250 K zégizggg:gé

INTENSITY
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Q-IG

170 Qgg

16600 16800 17000

Wave number (cm™!)

16600 16800 17000

Wave number (cm™})

excitation wavelength. On the other hand, since the peak
shift of the TRF spectrum from the excitation energy occurs
within the temporal resolution of our measurement, there is a
relaxation process that finishes within a few hundred pico-
seconds. Thus ZnMb has at least two relaxation modes with
different time scales. In dye solutions also, it has been found
that there are two relaxation mod@< In this paper, we are
concerned with the fast relaxation mode in ZnMb.

The peak energy of the SEF spectrum shifts with tempera-
ture. However, since the absorption spectrum also shifts in a
similar way with temperature, it is not clear whether the
temperature-dependent shift of the SEF spectrum is related
to some relaxation process among the conformational sub-
states in the excited state or is due to the same origin as that
of the absorption spectrum. Hence we first determine the
parameters of the CC model from the analysis of the tem-
perature dependence of the absorption spectrum and then
analyze the SEF spectrum using the determined parameters.

B. Analysis of the absorption spectra
using the CC model and WDOS

Recently, Ahn, Kanematsu, and KusHitlaave obtained
the WDOS of ZnMb by a fluorescence line-narrowing tech-
nique a4 K asshown in Fig. 6a). This WDOS is considered

FIG. 5. Temperature dependence of the time-resolved fluored0 be independent of the conformational substate, because

cence(TRF) spectra of ZnMb at 0.4circles, 1 (triangles, 2 (starg,

the laser-induced fluorescence spectrum calculated under this

and 4 (crosse ns after the excitation. The exciting laser wave assumption reproduces the spectra excited at various wave-

number was 16 890 cht.

lengths. Therefore, we can calculate the single-site absorp-



54 ENERGY RELAXATION DYNAMICS IN THE OPTICAL EXCITED ... 983

tion spectrum at a given temperature through @) using  substates in the excited state. Then, the molecules excited
Egs. (9) and (11), when the temperature dependence of thehrough the zero-phonon line will be distributed over various
WDOS is negligible. The obtained spectra are shown in Figsubstates by the relaxation and the number of the molecules
6(b). Employing Eq.(7) for the site-energy distribution func- that contribute to the spike will become small. Further, it is
tion with two fitting parametersl and E, we calculate the considered, as another reason, that the zero-phonon line has a
absorption spectra through E@), where we assume that the large spectral breadth in this temperature range. Recently, it
population in the ground state is thermalized and also thatas been reported in dye-doped polymer films that the zero-
the transition probability is insensitive tQ. The spectral phonon line has a considerable breadth at temperatures
broadening due to the lifetime of the excited state and thdiigher than about 20 K, which is attributed to the quadratic
spectral resolution of the monochromator is neglected, beterms in the electron-phonon coupliffy.
cause it is small enough compared with the width of the Even if we neglect the spike, the simulated spectra in Fig.
absorption spectrum. 4 are different from the measured ones in the whole tempera-
As seen in Fig. 2, the calculated spectra reproduce thture range examined. Further, the difference between the
measured ones very well except for the high-energy regiorpeak energies of the simulated and measured spectra be-
where another band is present. This band may be attributezbmes larger with increasing temperature. As for the spectral
to the transition from the ground state of the chromophore tavidth, the measured spectrum is broader than the simulated
the upper level of the two excited levels split by the Jahn-one and the former broadens somewhat faster than the latter
Teller effect?® The good agreement between the experimentvith increasing temperature. Moreover, the measured spectra
and calculation in Fig. 2 indicates that the Boltzmann distri-are always located in the low-energy side of the simulated
bution is established in the ground state of ZnMb in theones. These results are interpreted in terms that the relaxation
temperature region of our experiment. Further, from the reamong the conformational substates occurs in the excited
sult, the neglect of the temperature dependence of thstate during the lifetime of the excited state. This interpreta-
WDOS is considered to be a good approximation. This idion is consistent with the above explanation for the absence
also supported by the fact that the laser-induced fluorescened the spike in the SEF spectrum. Since the TRF spectra
spectra of dye-doped polymers at various temperatures aghow almost no time-dependent change after 400 ps over the
reproduced well using the WDOS obtained at £%Erom  temperature range examined, the time constant of this relax-
the fitting,d was determined to be 37 cm™ !, while E was  ation must be much shorter than a few hundred picoseconds.
found to change from 16 875 to 16 790 cthwith increas-  Namely, it is concluded that the peak shift of the TRF spec-
ing temperature. At least a part of this energy shift is conirum from the excitation energy, which occurs within the
sidered to originate from the temperature-dependent chandemporal resolution of our measurement, is caused not only
of the refractive index of the solveft. by the relaxation due to the vibrational degrees of freedom of
the protein in a conformational substate but also by the re-
laxation among the substates. This is in contrast with the
C. Analysis of the laser-induced fluorescence spectra case of 4 K, where the SEF spectrum is understood well by
using the CC model and WDOS assuming that no relaxation among the substates occurs in
the excited state within the fluorescent decay tffEurther,
ince the difference between the peak energies of the simu-
ted and measured spectra corresponds to the magnitude of
e energy relaxation among the substates, it can be said that
e conformational relaxation becomes larger with increasing
mperature.

In this section, we simulate the SEF spectra using(Eq.
on the basis of the CC model, assuming that no relaxatio
occurs among the conformational substates in the excite
state. It should be noted that even if there is no jump amon
the substates, the fast energy relaxation may be explained
the relaxation due to the vibrational degrees of freedom of &
protein, i.e., by the slight changes in the equilibrium posi-
tions of the atom&?3In our simulation, the parameter val-
ues obtained from the analysis of the absorption spectra are
employed. Further, we use the single-site fluorescence spec-
trum calculated from the WDOS of Fig(®. The laser line- In this section we compare the measured SEF spectra with
width, the spectral broadening due to the finite lifetime of thethose obtained under the assumption that the time constant of
excited state, and the spectral resolution of the monochrghe relaxation among the conformational substates is much
mator are neg|ected, because they are small enough Corﬁhorter than the lifetime of the excited state. This aSSUmption
pared to the width of the fluorescence spectrum. The calcuneans that the fluorescence is due to the population in ther-
lated SEF spectra are compared with experiment in Fig. 4. mal equilibrium in the excited state. Hence we call this fluo-

In the simulated spectra, a spike is present at the excitd€scence spectrum an equilibrium-fluorescefge) spec-
tion energy, owing to thes-function-like zero-phonon line. trum. No excitation-energy dependence is expected for this
However, it has been found that there is no spike in the TRFSP&ctrum.
spectrum, when it is measured with a time gate after the When the Boltzmann distribution is established in the
termination of the exciting pu|se_ Since the measured TRFgrOUnd and excited states before the absorption and fluores-
and SEF spectra are almost identical to each other, the spil&&nce transitions, the Einstein relation
is considered to be absent in the SEF spectrum. The expla-
nation for this discrepancy between the simulation and ex-
periment is as follows. Contrary to the above assumptions, fl al _ Y
there may be a relaxation process among the conformational Fiw)=F b(w)ex;{ kBT} (14

D. Analysis of the laser-induced fluorescence spectra based
on the Einstein relation
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FIG. 7. Temperature dependence of the absorption and SEthe single exponential decay was observed. Therefore, no
spectra of Zn-protoporphyrin IX in DMF. The dotted and solid lines reaction is considered to occur also in the excited state of
for fluorescence denote the measured spectra and those calcula@@dMb. As mentioned in Sec. V B, the analysis of the tem-
from the absorption spectra through the Einstein relation, respegerature dependence of the absorption spectrum has revealed
tively. that ZnMb is in the thermal equilibrium in the ground state in

the temperature region of our measurement. Thus it is pos-
holds between the spectral shape functions of the samplgijple to calculate the EF spectra from the absorption spectra
F?w) andF"(w), for the absorption and fluorescence be-through Eq.(14). The results are shown in Fig. 8 together
tween the two state¥. Thus, as long as the measured absorpwith the measured SEF spectra. The calculated spectrum is
tion spectrum is due to the population in the thermal equnib-a|ways located in the |0W_energy side of the measured spec-
rium, we can calculate the EF spectrum from the measurelum and the difference between the energy positions of
absorption spectrum through E@4). If a reaction occurs in  these spectra becomes larger as temperature is decreased.
the excited state and the fluorescence is emitted after the We compare the temperature dependence of the peak en-
system transfers to another state with a different potentialrgies of the measured and simulated SEF and calculated EF

this relation does not hold. Therefore, the Einstein relationspectra of ZnMb in Fig. 9. The peak energy of the SEF
requires that no reaction occurs in the excited state.

In Fig. 7 we compare the measured SEF spectrum with
the EF spectrum calculated from the absorption spectrum -
through the Einstein relation in Zn-protoporphyrin IX in -
DMF. Since the absorbance, and accordingly the signal-to-= 16900
noise ratio, becomes very small in the low-energy region, the § i o]
calculation was made only in the high-energy region of the -
fluorescence spectrum. This sample is a liquid and no g€ L O o C o o
excitation-energy dependence of the SEF spectrum was ob-& 16800 - O
served in the temperature range of the experiment. Therefore % - o
the populations in the ground and excited states are consid-& i 0 o
ered to be in thermal equilibrium before the transitions. In i O og
Fig. 7 the fluorescence spectra calculated from the absorption 6700 it b bl b bl
spectra reproduce the measured fluorescence spectra very 160 180 200 220 240 260 280 300
well. Hence no reaction is considered to occur in the excited Temperature (K)
state of Zn-protoporphyrin IX in DMF in the temperature
region of our experiment. FIG. 9. Temperature dependence of the peak energies of the

The band shape of the SEF spectrum of ZnMb is similarSEF spectra of ZnMb. The circles, diamonds, and squares denote
to that of the DMF solution. Further, the time profile of the the peak energies of the measured spectra, the spectra simulated
fluorescence intensity of ZnMb is independent of observatiomsing the WDOS and CC model, and the spectra calculated from the
wavelength and temperature and almost no deviation fronkinstein relation, respectively.

(O ed
<
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spectrum measured around 170 K is near the peak positicemperature-dependent peak shift of the SEF spectrum, is
due to the population with no relaxation among the confor-observed around the temperature wheris comparable to
mational substates. However, the measured peak energhe fluorescent decay time.
shifts toward the peak due to the population in thermal equi- The TRF spectrum of ZnMb is time independent between
librium as temperature is increased and it is close to the Iattqy_4 and 4 ns after the excitation in the temperature range
at 285 K. Hence we can say that ZnMb is not frozen withinyhere the SEF spectrum shows a temperature-dependent
a conformational substate in the excited state after the exCghange due to the relaxation among the conformational sub-
tation, but relaxes among the substates within a few hundregisias Thus the relaxation process of ZnMb among the sub-
picoseconds. Further, the magnitude of the relaxation besiates is considered to be different from that of dye-solution
comes _Iarge_r with Increasing temperature, while the_ therm ystems. It should be noted that about 70% of the contribu-
equilibrium is not established in the excited state within thetion to the SEF spectrum comes from the fluorescence in the
lifetime even at room temperature, as clearly seen from th%bove time range of the observation, when the decay is
result in Fig. 3. single exponential with a time constant of 2.1 ns. Since the
_ . . . SEF spectrum is obtained by the time integration of the TRF
E. Comparison with the results in dye solutions spectrum, the time dependence of the TRF spectrum should

In the case of rhodamine 6G in ethanol-methanol mixturé?® observed at some temperature in this case, as long as the
(volume ratio 4:1, we obtained the following results. At elaxation rate changes smoothly with temperature. Namely,
room temperature, the measured SEF and calculated EEthere is a temperature range where the time scale of the
spectra are essentially identical to each other. However, thi¢laxation exists in the time window of the observation of the
difference between the two becomes apparent around 160 KRF spectrum, the time-dependent peak shift of the TRF
and increases with decreasing temperature. Beldl60 K, ~ SPectrum, which depends on temperature, should be ob-
the calculated EF spectra are located in the low-energy sideerved in this temperature range where the SEF spectrum is
of the measured SEF spectra. Further, it has been found fro{SO temperature dependent. o
the analysis of the TRF spectra that the energy relaxation One might consider that the above characteristics for
time is much shorter than the excited-state lifetime at roonZ"Mb can be explained by a distribution of energy relaxation
temperature, while it increases with decreasing temperaturdmes. Namely, since the protein molecules are considered to
and becomes comparable to the lifetime around 170 Khave a wide distribution of energy relaxation times and also
Hence it is obvious in this case that the decrease in the magince the time range of the observation of the TRF spectrum
nitude of the relaxation due to the increase in the relaxatiof$ Only one decade, the fraction of the protein molecules with
time is responsible for the increase in the difference betweeHeir relaxation times in the time scale of the observation
the SEF and EF spectra with decreasing temperature. mlght be considered to be_ so small that the temporal varia-

The above spectral characteristics belew60 K are very ~ tion of the TRF spectrum is not observed even in the tem-
similar to those of SEF spectra of ZnMb. However, therePerature range where the SEF spectrum shows a temperature-
exists a significant difference in the TRF spectra betweefleépendent peak shift. However, this is not true, as long as the
dye solutions and ZnMb. Namely, dye solutions clearly Sho\,\;elaxatlcl)n time changes _smoothly wrgh temperature. This can
a time-dependent peak shift of the TRF spectrum in the temP€ confirmed by calculating the fraction of molecules whose
perature range where the temperature-dependent peak shiff@laxation times are in the time window of_the observation,
observed in the SEF spectrum, while ZnMb does not. NextP”der the condition that the SEF spectrum is nearly the same
we discuss this difference. as the EF spectrum at room temperature. For example, if we

In the case of dye solutions, the energy relaxation in th&onsider Fhe case of an ensemble hete_rogeneity_that each
excited state is known to be expressed approximately by Hlolecule in a system shows an exponential relaxation to the
single exponential function, like the Debye-type relaxation €quilibrium state with a time constant that follows the
For example, the time-dependent shift of the peak energ39\rrhen|us relation and is different from one molecule to an-

E¢(t) of the TRF spectrum following the relation of other, the above fraction becomes as large-8s2.
For many relaxation processes in proteins and glasses, the
E¢(t)—E¢(o) temperature dependence of the average relaxation time is not
WZGXH—I/T) (15  Arrhenius type, but follows the Vogel-Fulcher law, Ferry

law, and so orf*~% It is known that the Ferry law can be
has been observed for rhodamine 6G in ethanol in the tenexplained by a diffusion in a rough potential with the barrier
perature range where the SEF spectrum shows a temperatuteights of a Gaussian distributidh® It is considered that
dependent peak shitt.It has been shown in this case that thethe relaxation process in a rough potential corresponds to
energy relaxation time changes with temperature according that shown schematically in Fig. 1. In these non-Arrhenius
to the Arrhenius formula cases, the average relaxation time varies smoothly with tem-
perature, as in the case of the Arrhenius process. Since our
1 \% results of the SEF and TRF spectra cannot be explained as
= Zexf{ﬁ ’ (16) long as the system has the average relaxation time changing
B . . . .
smoothly with temperature, it is difficult to explain our re-
whereV is the barrier height of the relaxation aidis the  sults even if we consider the cases that the relaxation time
frequency factor of the order dfzT/h with Planck’s con- obeys Vogel-Fulcher law, Ferry law, and so on.
stant h. In this case, it is easy to show that the time- In order to understand our experimental results, it is nec-
dependent peak shift of the TRF spectrum, as well as thessary to consider that the relaxation among the conforma-
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tional substates occurs very rapidly, but the thermal equilib-

rium is not attained within the excited-state lifetime. The
distribution of the static potential barriers with various

heights does not account for the observed characteristics,
though it is clear from various experimental results that a
number of conformational substates separated by potential
barriers are present in proteins. Further, the tunneling process excitation
is not considered to be dominant, because the magnitude of
relaxation depends on temperature. Hence we come to the

idea of the temperature-dependent change in the barrier
height, which is not continuous with respect to temperature,
contrary to the case of the Vogel-Fulcher or the Ferry rela- another protein molecule
tion. Namely, ZnMb is considered to relax on the potential

surface of the excited state very rapidly, but only down to a

certain conformational substate at a temperature and to an- QatT

other substate with a lower energy when temperature is in- Qat Ty

creased to a certain value, mainly because of the descent of

the barrier height with increasing temperature.

one protein molecule

N

Qrat Tp

F. Analysis in terms of hierarchically constrained dynamics

As for the relaxation phenomena of complex systems such |G, 10. Schematic picture of the relaxation due to the hierar-
as glassy materials, it is known that a variety of materialschically constrained dynamics based on the configuration-
show nonexponential relaxation, such as the stretchedtpordinate model.
exponential time profile in Kohlrausch anomalous relaxation
law3° This behavior is usually explained by a distribution of

relaxation times, namely, by a suitably weighted sum of ex-hlgher temperatures, because the process that the large

ponential relaxations with different relaxation times. Re-9roups find the right arrangement will require large fluctua-
cently, Palmeet al“° have proposed the hierarchically con- fuon. Thus, as temperature is increased, the r_elease will occur
strained dynamic§HCD) as a mechanism of the glassy N turn from a small group to a large one. _Slnce the relegse
relaxation and shown that the stretched-exponential relaxWill take place suddenly at a temperature like a cooperative
ation behavior is derived on the basis of HCD. In this dy-Phenomenon, the relaxation is quite different not only from
namics, the degrees of freedom of a system are divided int§e Arrhenius type but also from the Vogel-Fulcher and
hierarchical groups of atoms, where the movement of a largEerry types.
group of atoms is constrained by some of small groups and The overall conformation of a protein is determined by an
the release of the constraint, i.e., a relaxation, occurs onlgmino acid sequence. Further, this network of the atoms is
when the small groups find such a combination of the confolded closely. Hence its conformational fluctuation is con-
figuration that makes the release possible. Thus it gives aidered to be much constrained compared with the fluctua-
mechanism underlying a distribution of relaxation times.  tion of the configuration of molecules in a liquid. Further,
In this section we discuss our experimental results on th&ince a protein molecule itself is considered to have a large
basis of HCD. However, since a stretched-exponential tim@umber of degrees of freedom and a variety of time scales,
profile was not observed in ZnMb, we do not intend to applyi.e., a hierarchy, for the relaxation, it will be reasonable that
the theory developed by Palmetral, but focus our attention the HCD holds for the relaxation of a single protein mol-
on the dynamics itself and discuss the temperature depegcule.
dence of the relaxation. In this HCD model, a system has If we apply the CC model, the above-mentioned dynamics
hierarchical groups of atoms and the movement of a certaiwill be described as seen in Fig. 10. A protein molecule
size of group of atoms is triggered by the movement ofexcited onto the potential curve in the excited state can relax
smaller size of groups. Therefore, it is important that theto a coordinat&; on the curve at a temperaturg, to Q, at
smaller groups can find such an arrangement that realizes tie, and so on, and finally, to the bottom of the curve at
release, e.g., by leaving a hole or weakening a bond. A3;. Since we have assumed a one-dimensional coordinate
temperature is elevated, the fluctuation of the groups of atfor the conformational change, various conformational sub-
oms becomes large. When the temperature reaches a certaiiates with the same energy may belong to the same value of
value, the groups may happen to find the right arrangemer®. Further, the excited molecules in different conformational
and the release may occur. If we use a model of crossingubstates are considered to have different hierarchies for the
over a potential barrier, this is interpreted in terms that theelaxation modes, i.e., different distributions of triggering
potential-barrier height for the relaxation of a certain size oftemperatures and partially relaxed conformations at these
group is influenced by the motion of the smaller size of thetemperatures. Thereford;;,T,, ... andQ,,Q,, ... are
groups and an abrupt descent of the height occurs at a certa@ixpected to be distributed broadly. Thus, when temperature
temperature. Conversely, below this temperature, the barriés increased, the distribution of the ensemble of proteins on
height for the relaxation of the group remains too high forthe potential curve will broaden and the center of gravity of
the relaxation to occur within the time scale of the observathe distribution will shift toward the bottom of the potential
tion. It is natural that the release of a larger group occurs aturve. Then, the peak energy of the SEF spectrum shows a



54 ENERGY RELAXATION DYNAMICS IN THE OPTICAL EXCITED ... 987

redshift and its width broadens as temperature is increased.
However, the time-dependent change of the TRF spectrum is
not observed if the movement on the potential curve occurs
much faster than the temporal resolution of our measurement
at each temperature. Further[Tif's are not lower than room
temperature, the excitation-energy dependence of the SEF
spectrum will be observed up to room temperature because
the protein molecules do not reach the thermal equilibrium
state in the excited state. Thus the whole experimental results
on ZnMb can be explained qualitatively by this model.

Next, we simulate the temperature dependence and the
excitation-energy dependence of the SEF spectrum on the
basis of this model. Although there will be many steps for

INTENSITY

the relaxation as described above, only two steps are taken 16600 16800 17000

into account in this simulation. Namely, we assume that the wave number {cm™1)

molecule excited onto the potential curve @, relaxes to

Q, at T, and reaches the equilibrium conformationTat If FIG. 11. Excitation-energy dependence of the SEF spectrum at

we take into account the broad distributions@f, T,, and 293 K calculated from Eq(22). The parameters employed are
T,, this simple model may reproduce the relaxation dynamd=37 cm %, A;=25 cm*, T4=150 K, andT.=320 K.

ics due to the above model rather correctly. We further as-

sume thafl,’s are low compared to the temperature range ofEmploying a high-temperature approximation, for simplicity,
our measurement, so that the relaxation ste@ioalready Wwe regard the single-site fluorescence spectrum as a
finishes within the temporal resolution of our measuremenfaussiart® Then, we obtain

even at the lowest temperature examined. Further, it is also

assumed that, is distributed and the fraction of the popu- SEF N—NgT)

lation in the thermal equilibrium changes linearly with tem- P, 0)= m

perature according to
o (w—wo+Ad2)?
<[ o - oo,

Neq(T) _ T—TS , (17) E_d ZkBTAS wo
N Te—Ts
whereN is the total number of the population in the excited +Neg(T) As
state andls and T, are suitable temperatures. On the other Agtd
hand, the nonthermalized population is assumed to be dis- (w—E+A/2+d)2
tributed uniformly, on account of the distribution &, Xex;{— , (22
betweerQ,, andQq, which corresponds to the bottom of the 2kgT(As+d)

potential curve, at each temperature. Then, using the sam

CC model as in the previous sections, the population distri\-"\?hereAS is the energy difference between the peak energies

butions of the nonthermalized moleculBs,(Q) and the of the single-site ab_sgrption and fluorescenc_e spectra. It
molecules in the thermal equilibrium q(Q)Ogre given as should be noted that it is not necessary to consider the effect
e

of the conformational relaxation dynamics in the calculation

- _ -1 <0< of the fluorescence spectrum, because the fast relaxation is
Pnonﬂ(Q)z{[N Neq(T)_](QO Qe ™ Qe=Q=Qo completed within a time much shorter than the fluorescent
0 otherwise decay time. Figure 11 shows the excitation-energy depen-
(18 dence of the SEF spectrum obtained from E2R). It was
and found that the temperature dependence of the single-site

fluorescence spectrum calculated from the WDOS can be

a(Q—Qy)? roughly reproduced by the fluorescence spectrum under a
Ped(Q)=Ned T) -y TGXF{ I } (19 high-temperature approximation with, of 25 cm™~!. Hence
B B this value was used fakg in this simulation. In Fig. 11 the
respectively. peak energy of the simulated spectrum shows an excitation-

The shape function of the SEF spectrum is expressed agnergy dependence, which is very similar to the experimental
result. Next, the simulated temperature dependence of the
SEF N fll SEF spectrum is shown in Fig. 12. The temperature depen-
" w,0) f Gr(wo)fi{@=wo)dwy, (20 jence of obtained from the analysis of the absorption spec-
) ) ) o o trum was employed. The fluorescence spectrum shows the
whereGr(wo) is the site-energy distribution function in the peak shift toward the low-energy side and broadening with

excited state al and is given from Eq(5) as increasing temperature. These features agree with the experi-
. mental results very well. Thus we can say that the whole
G/ _ f P +p STwn— AU do. experlmentlal (esults can b(_a explamgd by our model in whlch
7(wo) —oc{ nontl Q) Peq Q) Lo (@1dQ the essential idea underlying the hierarchically constrained

(21 dynamics has been used.
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of relaxation dynamics has been observed in a very short
time range and also in the electronic excited state. Further,
our results cannot be explained by the distribution of the
time constant of the relaxation to the equilibrium state, but
are considered to be explained only by a distribution of trig-
gering temperatures for the relaxation to partially relaxed
states.

INTENSITY

VI. CONCLUSION

A protein molecule is a typical complex system and
shows glasslike features. We have investigated the energy
relaxation process in the excited state of Zn-substituted myo-
L globin from 170 K to room temperature by laser-excited
16400 16600 16800 W 17000 17200 fluorescence spectroscopy. It has been found that this protein

Wave number (cn”) shows a conformational relaxation that finishes within a few

1. 12 Tomerus dprnc of v S spc ca US4 PeEsecnde 2 e magntude of e el
lated from Eq.(22). The excitation wave number is 16 940 ¢ 9 9 P :

and the parameters are the same as in Fig. 11. is very different from that of dye_z solutions_ and is not ac-
counted for by the thermal crossing of static potential barri-
ers. The experimental results have been explained using a
odel based on the hierarchically constrained dynamics. We
elieve that this relaxation dynamics reflects the features of a
fprotein molecule as a complex system.

Proteins, as observed in ligand binding kinetics of myo-
globin, often exhibit slow dynamics that are nonexponential
in time” If the excited-state lifetime were long enough in
ZnMb, each protein molecule would be able to cross the hig
potential barriers in the excited state and the system may ACKNOWLEDGMENTS
show a nonexponential slow relaxation on account of the
ensemble heterogeneity. However, since our time window of The authors are indebted to Y. Kanematsu, J.S. Ahn, and
observation is limited by the short lifetime of the excited E. Enomoto for valuable discussions, suggestions, and offer-
state, the slow relaxations are not concerned with our expering the data of the WDOS of ZnMb. They are grateful to S.
mental results. Nonexponential relaxations that are not exKinoshita and A. Kurita for fruitful discussions and to K.
plainable as the Arrhenius process have been observed Hirata for helpful advice in preparing the samples. The au-
slow dynamics in glasses and proteth4? To our knowl-  thors gratefully acknowledge the support by the Research
edge, however, our experiment is the first case that this typEoundation for Opto-Science and Technology.
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