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ABSTRACT. Equilibrium conformational fluctuation of Zn-substituted myoglobin (ZnMb) has been studied

in the nanosecond to millisecond time region and-1800 K temperature region by the time-resolved
transient hole-burning spectroscopy. In this technique, the conformational fluctuation of the protein is
observed as the temporal variation of the hole spectrum burned by irradiation of the laser pulse. ZnMb
solution samples in various solvent conditions were prepared and investigated to elucidate the solvent
effect on the conformational dynamics of Mb. The configuration coordinate model assuming the harmonic
energy landscape has given a fairly good description of the time dependence of the hole spectra. The
observed temporal behavior of both the hole shift and the hole broadening was well expressed by the
same stretched exponential correlation function with a rather small and almost temperature-independent
p of 0.26. It was found that the correlation tingof the conformational fluctuation of ZnMb determined

by this analysis depends linearly on the solvent viscosity regardless of the solvent composition and
temperature. This means the almost 0 activation energy for the fluctuation process and can not be understood
by simply assuming the Arrhenius-type crossing of the barriers separating the conformational substates.
It is shown that this linear viscosity dependencergfas well as the temperature-independgnis
qualitatively explained in the framework of the hierarchically constrained dynamics (HCD) model [Palmer,
R. G. et al. (1984Phys. Re. Lett. 53 958-961] with the postulate that the dynamics in the lowest level

in the HCD model corresponds in the actual system to the configuration fluctuations of the solvent molecules
surrounding the protein.

It is widely accepted that a protein molecule has a flexible gated more intensively, since it is considered to have a critical
conformation and there exist many local minimums, that is, influence on the protein dynamics at physiological temper-
the so-called conformational substates (CStm),its potential atures. To shed light on these problems, it is quite important
surface {). Conformational motions that correspond to the to make direct time-domain observations of the diffusive
transitions among CS’s may cause relatively large displace-conformational motions of proteins in a relatively high
ments of atoms, and thus have particular importance intemperature region. In spite of its great importance, there
biological functioning. Here, we call these transitions among have been only a few reports on such observations contrary
the CS’s “diffusive conformational motions”. In the case of to the intensive cryogenic studies and reaction kinetics studies
myoglobin (Mb), which is one of the most intensively studied in which the dynamical effect is reflected only indirectly on
proteins, hierarchical arrangements of CS’s have beenthe experimental results.

confirmed by many cryogenic studie26). However, in So far, a few time-domain observations of the conforma-
spite of intensive and continuous investigations following tional dynamics of proteins mentioned above have been
the pioneering work by Austin et al7), it has not yetbeen  carried out mainly on carbonmonoxide myoglobin (MbCO)
clarified how this hierarchy of the potential surface affects by means of modified flashphotolysis techniques, such as
the conformational dynamics of proteins at physiological \yayelength-resolved flashphotolysis in visible regign9)
temperatures. In addition, the solvent effect on the diffusive 5,4 in near-infrared regiori0, 19, double-pulse flashpho-
conformational motion of a protein should also be investi- tolysis (12), time-resolved Raman spectroscop@)( and so
- . od by the R  Followshins of the J on. In the wavelength-resolved flashphotolysis, information
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barrier height separating CS'’s, respectively. An additional . Z 4 .

termo represents the contribution of the protein to the total ]/
friction. In a double-pulse flashphotolysis experiment on E
MbCO, the interconversion rate among the conformers with /

different geminate CO-rebinding rates is obtained. By using i
this technique, Tian et al. determined the interconversion rate w

between the so-called open conformer with a faster rebinding Ficure 1: The schematic description of the TRTHB experiment.
rate and the closed conformer with a slower one in MbCO. (a) The sharp spectrum (solid line) is the absorption spectrum of a
Theyfound that the iscosiy dependenc of tis rae can ST ORI e e o e
also be expressgd b_y an expre_SS|on analogous to eq 1 ositionyofthe s[i)ngle-cﬁromophore sp?ectrum is depicted in theIIJower
although the obtained interconversion rate was about 2 Order%art. (b) Temporal variation of the hole spectrum due to the spectral
of magnitude slower than the relaxation rate reported by diffusion.

Ansari et al.

In these studiesl in eq 1 has not been discussed deeply the triplet state which usually lies in a millisecond region,
in spite of its importance for the elucidation of the energy the conformational fluctuation over a very wide time range
landscape of the protein. It has been established that Mbof nanosecond to millisecond can be observed by the TRTHB
shows quenching of the conformational fluctuation below method using a nanosecond-pulse laser for the hole burning.
~200 K (3, 14, 15. This glass-like transition of Mb is Here, one must note that the temporal change in the hole
considered to be closely connected with the valuéoff spectrum is induced essentially by the equilibrium confor-
this value is sufficiently large, temperature rather than the mational fluctuation process, but not by the relaxation from
solvent viscosity chiefly affects the conformational dynamics. the nonequilibrium to equilibrium statel9). In a macro-

On the other hand, in the case of sntd]ltemperature has  scopic sense, of course, the hole in the absorption spectrum
only a secondary effect on the conformational dynamics of is the nonequilibrium distribution, and the process in which
the protein, and the glass-like transition is mainly induced the deformed spectrum recovers the equilibrium absorption
by the vitrification of the surrounding solvent. Thut$,has spectrum should be called a relaxation. Here, however, one
a close relation to the problem whether the quenching of must recall that, in the TRTHB measurement, the temporal
the conformational dynamics of the protein by lowering evolution of the hole is induced by the transition-energy
temperature is an intrinsic phenomenon of proteins or a fluctuation of the unexcited molecules that do not suffer from
solvent-induced phenomenon, which still remains a contro- the perturbation by the exciting laser pulse and continue the
versial problem &, 16, 17. equilibrium fluctuation even after the burning. Therefore, in

Recently, we have made the first time-domain observation a microscopic sense, the dynamics observed in the TRTHB
of the equilibrium conformational fluctuation of Zn- ~measurement is controlled by the equilibrium fluctuation of
substituted myoglobin (ZnMb), in which Fe-protoporphyrin  the unexcited molecules. Therefore, we can strictly say that
IX is replaced with Zn-protoporphyrin 1X, by using a novel the dynamics observed by the TRTHB measurement is an
technique of time-resolved transient hole-burning (TRTHB) equilibrium fluctuation. This is a conspicuous characteristic
spectroscopy 18, 19. This method is one of the most of this method as compared with those based on the
powerful tools for the time-domain observation of protein flashphotolysis technique, in which the relaxation dynamics
dynamics. The principle of the measurement is shown in from the ligated to unligated state is observed. To the authors’
Figure 1, where the absorption spectrum is expressed by theknowledge, the TRTHB method is the only technique that
sum of the spectra of many chromophores. Each single offers the time-domain observation of the “equilibrium”
chromophore has a different resonance energy depending offluctuation of a protein in a very wide temporal region, at
the conformation of the apoprotein surrounding the chro- present.
mophore on account of the chromophesgpoprotein inter- In a previous paper, comparison of the results between
action. The conformational fluctuation induces the time- the ZnMb solution sample and the dye solution sample gave
dependent fluctuation of the resonance energy of thethe evidence that the low-temperature protein dynamics is
chromophore. By detecting this “spectral diffusion”, one can mainly controlled by the fluctuation of the solvent molecules
make a time-domain observation of the conformational (19). In the present article, we extend our studies further to
fluctuation in the apoprotein. In the TRTHB method, this is the solvent effect on the protein dynamics. We have prepared
done by detecting the temporal change in the transient hole-ZnMb solution samples in 4 types of solvent conditions of
burning (THB) spectrum burned by the irradiation of a laser known viscosity. We have also prepared one solid-state
pulse @0). The chromophores selectively excited by the laser sample of ZnMb-doped polymer film. Then, the effect of
irradiation are accumulated in a long-living triplet state the flexibility around the protein molecule has been system-
through the internal conversion, and then a hole is formed atically investigated.
around the laser frequency in the absorption spectrum. The Here, we are interested also in the influence of the energy
hole spectrum varies with time because of the spectral landscape on the conformational dynamics of Mb. The time
diffusion which reflects the conformational fluctuation of the evolution of the hole spectrum has a close relationship to
protein. Since the lifetime of the hole corresponds to that of the shape of the energy landscape. If the CS’s are hierarchi-
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I 1801'( secondary structure of Mb does not change so much by the

1k /220K ] Zn substitution and lowering of temperaturk9). We also
F ZnMb-W:3G / 260K 1 verified from the observation of the temperature dependence

300K ] of the rotational relaxation time that a ZnMb molecule in a
water—glycerol mixture maintains a rather compact tertiary
structure in spite of the chromophore substituti@s)( In
fact, using a fluid mechanics model, we estimated the radius
of a ZnMb molecule at-13 A, which is even smaller than
the value of 18.3 A estimated from the X-ray diffraction data
580 600 620 of Mb. In the case of ZnMb-PVA, the tertiary structure may
Wavelength [nm] be somewhat broken because the sample volume shrinks on
FiGURE 2: Temperature dependence of the absorption spectrum in (N€ course of the drying process.
the Q(0,0) band region of ZnMb-W:3G. (B) Hole-Burning Measurements.iquid samples were
sealed in a glass cell with an optical path length of 2 mm.
cally arranged as widely accepted, the temporal shift of the Both liquid and film samples were contained in a gas
hole may show a step-like time evolution; each step fiow-type cryostat. The sample temperature was monitored
tiers. On the other hand, there also exist several studies whicmurmg the measurement. For ZnMb-W:G and ZnMb-W, we
have shown that the simple harmonic-energy landscape wellcouid not make experiments below the ice point because they
explains the experimental resull(-23). Agmon etal. have  pecame opaque at such a low temperature. Therefore, we
employed a simple model based on the assumption of themade experiments for these samples at and above 280 K.
harmonic potential surface, and succeeded in reproducing The hole was burned by using a dye laser (Lambda Physik
the geminate recombination process of MbCO. In the presentscANMATE rhodamine B) pumped by a frequency-doubled,
study, we employ this type of picture that assumes the Q-switched, diode-laser-seeded Nd:YAG laser (Spectra
harmonic potential surface. The observed temporal variation Physics GCR-130). The pulse duration waZ ns, and the
of the hole spectrum is analyzed on the basis of a treatmentyepetition rate was 10 Hz. The burning was made in the low-
similar to that employed by Agmon et al., in which the energy tail of theQ(0,0) absorption band around 595 nm.
conformational fluctuation is viewed as a Brownian motion gqr the probe light source, spontaneous emission from a dye
W|th|n a harmonic pOtential Surfa.ce. We introduce th|S Simple So|ution pumped by another nanosecond |aser was used. We
model as a working hypothesis, although it contradicts the employed a rhodamine 6G solution in ethanol with a
CS's. We examine the validity of this analysis, and discuss ce|| containing the solution was pumped by second harmonic
the Qeviation of the observed data from this framework in light of a Q-switched Nd:YLF laser (Spectra Physics TFR)
relation to the shape of the energy landscape of Mb. with a pulse duration of-7 ns, and the dye solution emitted
broad-band light with the spectrum ranging from 565 to 640
EXPERIMENTAL PROCEDURES nm. The light transmitted through the sample was passed
(A) Materials.The preparation of ZnMb was described in  through a 25 cm single-grating polychromator (Oriel MS257)
a previous paped). We prepared ZnMb samples in various and detected with a CCD-camera system (Photometrics
matrices: in a buffered wateglycerol mixture with a AT200) cooled by liquid nitrogen. The spectral resolution
glycerol volume ratio of 75% (ZnMb-W:3G), 50% (ZnMb-  of the system was-2 A. The wavelength calibration of this
W:G), 0% (ZnMb-W), and in a buffered watediglycerol polychromator system was done by using the 632.8 nm line
mixture with a diglycerol volume ratio of 75% (ZnMb-W: of a He-Ne laser and the sharp lines of Hg atoms sealed in
3DG). The solvent viscosity at a given temperature increasesa fluorescent lamp at 546.1, 579.1, and 577.0 nm.
in the order of W< W:G < W:3G < W:3DG. We also The transient hole-burning spectrum at titgeafter the
prepared ZnMb doped in a solid poly-vinyl-alcohol (PVA) burning was obtained as
film (ZnMb-PVA) with a thickness of about 0.5 mm.
According to Austin et al.7), we dissolved the solid PvA  H(@, t) = A(w, ty) — Alw) =
of 10% by weight in the same buffered water by boiling. —logy [{ Ithg(@: ty) — lase(@)}H 1 pdw)] (2)
After it was cooled to room temperature, the protein solution
with the desired concentration was mixed and contained in whereA(w) is the ordinary absorption spectrum before the
a vessel, and then dried under Ar gas with a reduced pressureburning, andA'(w, tg) is the absorption spectrum ftafter
After several days, a hard film was obtained. Phosphatethe burning.ltus, liases and laps are the intensity of light
buffer (10 mM) with pH 6.0 was used for all samples. The transmitted through the sample under the irradiation of both
protein concentration was about 0.3 mM for the liquid burning and probing pulses, that under the burning pulse,
samples and about 1 mM for the PVA film sample. Figure and that under the probing pulse, respectively. Since the CCD
2 shows the temperature dependence of the absorptioncamera used does not have a gating function, it was necessary
spectrum of ZnMb-W:3G in th€(0,0) band region. All of to subtractli,ser in order to eliminate signal due to the
the ZnMb samples have almost the same absorption spectrunscattered laser light and fluorescence from the sample.
as that in Figure 2, except for slight differences in the width  Figure 3 shows a typical hole spectrum together Ah)
and the peak position. andA'(v) at 200 K. The hole spectrum is distorted around
From the measurement of the far-UV circular dichroism the burning wavenumber in spite of the subtraction,qf:
(CD) spectrum of the sample, we confirmed that the because of the fluctuation in the scattered light intensity.

Optical Density
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] The diffusive conformational fluctuation of the protein

: induces the time dependence in the site-energy distribution
of the chromophore. This spectral diffusion process can be
treated by introducing a conditional probabilBy{w1,t;wo),
defined as the fraction of the chromophores with the site
energyw; at timet, when they initially have the site energy
wo. The THB spectrunid(w,tg;w) at timety after the burning
is expressed as

Optical Density

H(w,tyw ) O —ff a(w — w)D(wy,tawg) x
a(w, — wg)G(wg)dw,dw, (6)

17000 16500 (B) Configuration Coordinate ModelA configuration

Wavenumber [cm™'] coordinate (CC) model with harmonic potential curves is one
FIGURE 3: The typical THB spectrum (solid line) and the ordinary ~ Of the simplest models which can treat the time evolution of
absorption spectrum before the burnig(dashed line), and the  D(w1,tge,w0) (20, 27). This model has successfully explained
absorption spectrum under the burnidg,(solid line), at 200 K. the effect of the solvation dynamics on the optical properties
The latter spectrum is corrected by subtractiag: of dye solutions 28, 29. Here, we derive the expression
for the time evolution oD using the CC model in which
the potential energy of the chromoprotein is assumed to be
expressed by two parabolas as

Uy Q) =aQ’
UQ) = a(Q — Qp)* + ¢ (7)

Although the difference betweek andA' is very small, it

is obvious that the hole is shifted from the position of the
ordinary absorption spectrum to the low-energy side where
the burning was made.

THEORETICAL BACKGROUND

(A) Expression for Time #olution of THB Spectrunin a
previous paper6), we already derived a phenomenological
expression for the temporal change in the THB spectrum
induced by the spectral diffusion depicted in Figure 1. Here,
we briefly review this treatment. We express the absorption
spectrum of a single chromophore &®& — wo). Here,wq
is the angular frequency of the zero-phonon line, which
corresponds to the purely electronic transition without
excitation and deexcitation of the vibrational modesand
alw — wo) are called “site energy” and the single-site
absorption spectrum of the chromophore, respectively. Here,
we assume that each chromophore has the same single-sit
absorption profile but with a different site energy. Then, the
ordinary absorption spectrum is expressed as

Here,Uy and U, are the potential energies of the protein in
the electronic ground and excited states of the chromophore,
respectively. Of course, the energy landscape of protein is a
function of a large number of coordinates of protein atoms,
probably including the hydration shelly(Q) andU(Q) are
one-dimensional cross sections along the configuration
coordinateQ which is responsible for the resonance-energy
modulation of the chromophore. In this model, the effect of
the barriers separating CS's is expressed as a friction on the
otential surfacedJy andU, are assumed to have the same
urvaturea, and to be shifted from each other by an amount
Qo. Since an optical transition occurs between the states with
the same value 00, the resonance energy of the chro-
mophore depends linearly &q Thus, the site-energyg of
A) = [ a(w — w)G(wy)dw, 3 the chromophore is expressed as

whereG(wo) denotes the distribution of the molecules which  #¢, (Q) = U/(Q) — U,(Q) = —2aQ,Q + aQ02 +e (8)
have the site energy af,. The irradiation of the burning ¢

light pulse with frequencyw. deforms the site-energy  \yhereh is the Plank’s constant divided byr2

distribution function as According to van der Zwan and Hyne&7 and Kinoshita
. (20), we treat the motion o as a Brownian diffusion in a
G'(wg) = [1 — da(w — wg)lG(wy) 4) harmonic potential otJ,. Then, the fluctuation o can be

regarded as a Gaussian random process, and we obtain the
whereg¢ is a constant proportional to the burning efficiency expression for the time evolution &f as

and the burning-pulse energy. Here, we assumed that the
burning-pulse energy is so low that the saturation of the D(w,,t;wo) =

burning is negligible, and we neglected the de-excitation of _ 2
the excited molecules due to stimulated emission. If the 1 exn — (A, — AwgC(D) 9)
diffusive conformational motion of the apoprotein is not «/ZJrDﬁwozml . Cz(t)) ZUkaZEm _ Cz(t))

active, the shape d&'(wo) is independent of time after the
burning. Then, the hole spectrum is expressed as with

H(w; o) = [ a0 — 0y)[G'(wo) — Glwy)]ldw, O C(7) = QH)Q(t + 7) QD
— [ alw — wpa(w, — we)G(we)dw, (5) Awyy = oo — [l
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aQ02 +e

o= "

A, = Qw, — b=

2aQ k. T

Here, C(7) is the normalized correlation function and]
denotes the ensemble avera@ie;land [Awy?Ccorrespond
respectively to the peak position and dispersion of the site-
energy distribution function having the form of

G(wo) = ![2 D(wq, t; @) =

Normalized Hole Depth

2
! ex;{— Ay 251 (12)
V21w 0 2[Awy
0
Equations 6, 9, and 11 predict an symptotic behavior of
the hole spectrum burned in the absorption spectrum; its peak
position and spectral width approach those of the ordinary
absorption spectrum with increasiagand its shape becomes {
equal to that of the absorption spectrum in the limitof> 0 R
. Here, we should point out that the above prediction that 17000
the hole profile in the limit ofty — o coincides with the 1
absorption profile is valid regardless of the model employed. Wavenumber [cm ]
The energy landscape other than the harmonic shape mayicure 4: Time evolution of the normalized TRTHB spectra of

result in a more complicated temporal evolution of the hole ZnMb-W:3G at 240 K (a) and 180 K (b), and of ZnMb-PVA at

profile than the case of the harmonic one. In such a case,240 K (¢). The spectra are offset vertically to avoid overlap. The
- 'dashed lines denote the normalized absorption spectra. The excita-
nonetheless, the hole shape becomes equal to the absorptiafy, \vavenumber is 16 653 crhfor (a) and (c), and 16 736 crh

shape when the deformed site-energy distribution recoversfor (p).

the thermal equilibrium. Equations 10 and 11 also predict

that the width of the site-energy distribution functiG(iwo) so that the saturation effect does not distort the hole shape.

is proportional tov/T, which is roughly consistent with the  The employed burning-power density wad mJ/cni, and

observed temperature dependence of the absorption spectrurthe resulting difference in the optical density was about 0.05.

shown in Figure 2. This suggests that the Boltzmann To cause a large temporal shift of the THB spectrum, we

distribution is established in the ground state at a temperatureburned a hole in the low-energy tail of t¥0,0) absorption

higher than 180 K. band. We chose the burning wavelength so that the optical
Our treatment presented above is similar to that employed density of the sample at the burning wavelength is 20%

by Agmon et al. Probably for simplicity, in their formalism of the absorption maximum. Since ZnMb shows marked

the conformational dynamics has been assumed to obey thédemperature dependence of the peak energy of the absorption

Smoluchowski equation, which leads to a time-correlation spectrum as shown in Figure 2, we carefully adjusted the

function with the single-exponential time dependen22, (  burning wavelength at each temperature.

23). On the other hand, the present model is available not  Figyre 4 shows the temporal variation of the THB spectra
only for a.smgle—exponentlal cqrrelauon.functlor_] bqt also of znMb samples (solid lines) together with the ordinary
for an arbitrary type of correlation function. As it will be  apsorption spectra for the same sample conditions (dashed
shown later, this _generahzed formalism is important to lines). Both the depth of the THB spectrum and the height
analyze the experimental results of ZnMb. of the absorption spectrum are normalized to unity for
RESULTS AND ANALYSIS comparison. Spikes around the burr_ling wavenumb_er in the
hole spectra are due to the scattering of the burning laser
(A) Temporal Variation of THB ProfileThe primary aim light. In Figure 4a, the main peak of the THB spectrum
of the present experiment is to detect the temporal changemoves from 16 750 to 16 820 crh(by about 70 cm?) for
in the hole profile induced by the conformational fluctuation ZnMb-W:3G at 240 K as the delay time of the probe pulse
of a Mb molecule. In the nanosecond to millisecond time after the burning is prolonged from 10 ns to 10 ms. Time-
region, however, the hole profile is affected also by the dependent broadening of the hole width was also observed
rotational diffusion process of the protein molecule as well although it is not clear in Figure 4a. These temporal changes
as by the conformational fluctuation. To eliminate the in the hole profile are caused by the conformational fluctua-
rotational effect, we measured the hole spectrum in the tion of the ZnMb molecules which were not selected by the
“magic angle” configuration, in which the angfebetween burning. The hole spectrum has a sideband in the high-energy
the polarizations of the probe and burning beams satisfiesregion around 17 100 cmy, which appears also in the
the relation sif® = 2 cog 6. Further, we took care that the ordinary absorption spectrum at low temperatures as shown
hole depth does not exceed 10% of the ordinary absorbancen Figure 2. From the analysis of the polarization dependence

Absorption
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of the THB spectra, we showed that this sideband corre-
sponds to the absorption into a higher-energy excited state,
whose transition dipole is perpendicular to that of the main
band B0). This sideband shows little time-dependent shift
at all temperatures examined, probably because a very broad |
homogeneous width of this band smears its temporal change. I (2) -W (b) -W:G
In the case of ZnMb-W:3G at 180 K (Figure 4b), the hole -80r .
spectrum remains at the initial position regardless of the delay
time. This clearly indicates that the diffusive conformational
fluctuation in the 10 ns to 10 ms time scale is frozen out in
Mb at 180 K. It is also noticed in Figure 4b that the hole
width is much smaller than that observed at 240 K. The hole +
width just after the burning is caused by the fluctuation -40
process faster than the experimental time resolution of 10
ns. It is considered that the vibrational motion gives a

W P I T I T S vl siind ool oo ik

10® 10° 10* 102 10® 10 10* 107

c(tg) [em™']

don ik Bibiion B Ibiion I | Ty b B
M

L(©) -W:3G [(d) -W:3DG

)

a

dominant contribution to the hole broadening just after the -80 W
burning @5, 26, and then the smaller hole width observed 105 105 104 10210% 100 10% 102

at 180 K can be attributed mainly to the diminution of the
vibrational motion by lowering temperature. In Figure 4c,
we show the time evolution of the THB spectrum of ZnMb- \lj\IIG(lgR(Eb)SZZT'F\I/leb t\i/r\?g gv(ol)utiond ozb(lt\[/jl)bf?/\r/ gg'\éb(-&/)\/ (?)1,8%“%?-
PVA at 240 K. Since the laser ring from th mple YV , £NVID-VV.5G (C), and ZNniviD-Vv: a ,
surfajet is \?ery s?roﬁg ft)re'thislgvchiall:;esar%plg thte gbssirvpetej3 200K (@), 220K (), 240 K (4), 260K (t), 280 K (1), and 300
) . ! . K (m). The solid lines are the fitting curves to eq 14 obtained by

THB spectra are considerably distorted. Nevertheless, Figureihe |east-squares method.
4c clearly shows that the peak position of the hole of ZnMb-
PVA hardly changes with increasing delay time, while the  In Figure 5, we compare the temporal evolutionc(if;)
hole spectrum has a width comparable to that for ZnMb-W: for ZnMb solution samples at various temperatures. The solid
3G at 240 K. Hence, it is suggested that, if a Mb molecule lines are the fitting curves discussed later. For all samples,
is doped in a solid matrix, the diffusive conformational c(ty) at moderate temperatures show highly nonexponential
motion is suppressed, while the vibrational motion inducing ty dependence over a time range 10 ns to 1 ms, and the time
the hole broadening just after the burning is still active.  scale of the change ia(ty) becomes faster with increasing

To analyze the temporal change in the hole profile, we temperature. The temporal change in the THB spectrum in
introduce the time-dependent first momesfts) and the  the time regionty; > 1 ms is not reliable, because the

Delay Time [s]

dispersiono?(ty) of the THB spectrum as accumulated population in thig state begins to relax to the
ground state in this time region and this hole-filling process
cty) = [b(ty) g — (D0 may affect the hole spectrum. Hence, it is difficult to
determine whether the temporal change observetdnfor
L‘”? wH(w, ty)dw f(j’z wA(w)dw ty > 1 msis due_ to the conformational fluctuations in the
=" " (12) ground state or in the excited state. Anyway, we can say
f‘”z H(w, ty)dw f’”z A(w)dw from Figures 5c,d that the suppression of the conformational
@1 “ fluctuation of ZnMb by lowering temperature occurs around
s ) 180 K for ZnMb-W:3G and 200 K for ZnMb-W:3DG. These
o, (@ — [(ty)Ge) H(@, ty)dw results are consistent with the interpretation that the glass-
oty = o (13) like transition of Mb occurs around 200 K,(14, 15. On
fwl H(w, ty)dw the other hand, comparison of the results between ZnMb-

W:3G and ZnMb-W:3DG indicates that the conformational
As seenin egs 6, 9, and 11, when the site-energy distributiondynamics observed in the present TRTHB study depends on
deformed by the burning recovers the equilibrium distribu- the solvent condition. This becomes more evident in Figure
tion, the shape of the THB spectrum agrees with that of the 6, which clearly shows that(ty) for ZnMb-PVA is almost
absorption spectrum. Then, it is expected that, in the limit time-independent at all temperatures examined. This confirms
of ty — o, ¢(tg) tends to 0 and?(ty) becomes equal to the that the diffusive conformational motion of Mb is no longer
dispersion of the absorption spectrum. To reduce the influ- active if it is surrounded with a solid matrix.
ence of the drift in the tail region of the spectrum, we In Figure 7, we show the temporal evolutiona{ty) for
calculated the above functions by integrating the observedZnMb solution samples. Probably because the calculation
spectra over a limited wavenumber range betweermand of o?(ty) is more sensitive to the drift of the data?(ty)
w». For all the spectra, we selected the energy positions whereobtained is scattered more the(ty). However, Figure 7 still
the height of the spectrum is 20% and 80% of its maximum indicates that the time-dependent hole broadening occurs in
as the low- (1) and high- {,) energy limits of the approximately the same time region as that(ig). It is found
calculation, respectively. Thus, we excluded the sidebandthat ¢%(ts) shows an asymptotic approach to the dispersion
around 17 100 cmi from the calculation. Furthermore, we of the absorption spectrum with increasing delay time.
eliminated the distortions due to the laser scattering in the (B) Analysis by CC ModeEquations 6 and 9 predict that
observed THB spectra by replacing the spectrum around thethe time characteristics a@f{ty) and 0%(ty) are proportional
laser wavenumber by an appropriate quadratic function. to C(tq) and 1— C?(tg), respectively. Thus, in the CC model,
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Ficure 8: The temperature dependence of.ldetermined for

ZnMb-W:3G ©) and ZnMb-W:3DG @). The solid and dashed
lines are the fitting curves to the VogeFulcher law expressed by

eq 17.
Ficure 6: The time evolution ofc(ty) for ZnMb-PVA. The . .
meanings of the symbols are the same as in Figure 5. The datal'€ ParameterA is necessary to fit the observert)

points at the same temperature are linked to each other by solidadequately.
lines for guides of eyes. All 4 parameters of\, B, 7, andp can not be determined

simultaneously by the least mean-square fitting at [6&20

K) and high ¢260 K) temperatures, because only a part of
the temporal change idty) is observed within the experi-
mental time window in these temperature regions. In the
fitting procedure, therefore, first we fitted the data in the
intermediate temperature range of 2280 K for ZnMb-
W:3G and 246-260 K for ZnMb-W:3DG, where the whole
temporal change in(ty) is observed. In this prefitting, we
took B, 7, andp as free parameters, ard was fixed at O
and—20, respectively, for ZnMb-W:3G and ZnMb-W:3DG,
which are rough asymptotic valuesdffy) for ty — c above
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260 K. Then, we averaged the values/bfletermined by
this prefitting and obtained the value 0.26. This is slightly

00027 s Tithag

4 larger than the value 0.22 reported in the previous pal@#r (
This slight discrepancy arises because the value 0.22 was
obtained by considering only the data for ZnMb-W:3G, while
the present value of 0.26 was determined from the data for
both ZnMb-W:3G and ZnMb-W:3DG. The value of 0.26 is
still much smaller than-0.5 that has been usually obtained

FiGure 7: The time evolution ob2(ts) for ZnMb-W (a), ZnMb- in the relaxation process of various glass form&38.(For

W:G (b), ZnMb-W:3G (c), and ZnMb-W:3DG (d). The meanings & Correct estimation of the value of, we refitted all the

of the symbols are the same as in Figure 4. The solid lines are thedata for ZnMb solution samples withfixed at the averaged
fitting curves to eq 16 obtained by using the same valuefand value 0.26. Thus, here we assumed the validity of the-time

B as those determined in the fitting ofta). temperature scaling principle fefty), so thatc(ty) obtained

at different temperatures fall on a single master curve with
different z.. The data points o€(ty) for ty = 10 ms were
'neglected in the fitting because they may be affected by the
hole-filling effect. The solid lines in Figure 5 are thus
obtained fitting curves, which reproduce the observed data
well. By using egs 9 and 14, we can estimate an approximate
shape of the normalized correlation function@fas

N clty) — A
"0~ A

Therefore, the obtainexd turns out to be the correlation time
whereA; andB; are the parameters adjusting the valugat  of the fluctuation process @ in the framework of the CC
> 1. and the amount of the time-dependent shiftcif;), model. Here, we do not catl. as the relaxation time but as
respectively. The CC model predicts that the hole profile at the correlation time in order to emphasize that the observed
ty > 7. agrees with the ordinary absorption spectrum, and temporal change in the hole spectrum is essentially induced
then A = 0. However, this is not the case if the triplet- by the equilibrium fluctuation process, but not by the
triplet absorption spectrum due to the transition of the nonequilibrium relaxation process.
chromophores accumulated in the lowest triplet state into a  Next, we discuss the temporal evolution of the hole width.
higher triplet state overlaps the hole spectrum. Therefore, According to eqs 9 and 15, we obtain an approximate relation

10® 10° 10* 10210® 10° 10* 102
Delay Time [s]

W E DO S B ]

both the temporal shift and broadening of the hole can be
expressed by using the same normalized correlation function
C(tg). We fitted the obtained(ty) for solution samples to an
empirical expression of a stretched exponential form, exp[
(ta/to)?] with 0 < B < 1, which has been known to reproduce
nonexponential relaxation observed in a great variety of
glasses and in protein8,(31, 33. The solid lines in Figure

5 are the fitting curves expressed as

~expl-(tyr)"]  (15)

c(ty) = A, + B, exp[—(t47.)’] (14)
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dA(t) ~ A, + B {1 — CAty)} ~ 10® gy

A, +B,{1— exp-2(t47)T} (16) o
whereA,, andB,, are the parameters adjusting the initial value o 3
and the amount of the time-dependent increase?(ty), o 10 1
respectively. The solid lines in Figure 7 are the fitting curves = 3
of the observed?(ty) to eq 16. In this fitting, we used the 10° 1
values ofr. andp (= 0.26) determined in the fitting af(ty), E 1
and took the remaining parameteks and B, free to vary. W0 N3
The fitting curves reproduce the observe(ty) fairly well. 10! 100 10° 10° 107 10°
The value ofA, + B, determined in the fitting is ap- Solvent Viscosity [¢P]

proximately equal_to the dispefSi‘?” of the ord'in(.:\ry absorption Ficure 9: The solvent viscosity dependence of: ldetermined

spectrum, which is consistent with the prediction of the CC for znMb-w (@), ZnMb-W:G @), ZnMb-W:3G ©), and ZnMb-

model. Hence, we can say that the temporal change in bothw:3DG (@). The solid line is the fitting curve to a linear function

the peak position and width of the THB spectrum can be ©f the solvent viscosity given by eq 18.

reproduced on the basis of the CC model. This suggests that

the model in which the conformational fluctuation of Mb is  Table 1: Viscosity [cP] of the WaterGlycerol and

viewed as a Brownian motion in a harmonic potential gives WaterDiglycerol Mixtures as a Function of Temperature

a rather good description of the actual situations. Cf)?]'&’i‘{,‘i’;tn 220 K 240 K 260 K 280 K 300 K
(C) Temperature and Viscosity Dependence of Correlation -

Time.We plot the temperature dependence af bbtained w-e 1'2(3“ 10 gf()lX 10°

for ZnMb-W:3G (©) and ZnMb-W:3DG @) in Figure 8. W:3G 6.66x 10° 7.15x 107 1.35x 107 3.83x 10t

The data points slower thal s have large error bars and W:3DG 1.14x 10® 1.82x 10° 6.40x 10° 4.98x 10? 1.26x 10?

are not reliable, because the temporal window of the

measurement does not cover such a long delay-time region. of T ]
In spite of this uncertainty, it is clear that the temperature 10 3 L ’ 3
dependence of; is well reproduced by the VogeFulcher 1080 8 % ; ]
formula 7
5 0 $ y
T = To eXPE/(T — T)] 17) v ]
= 100 3
which is known to hold in various glassy materials, rather ‘
than the simple Arrhenius law. The solid and dashed lines 10 ‘ 3
in Figure 8 are the fitting curves of the data for ZnMb-W: 3 "‘ 5

3G and ZnMb-W:3DG to eq 17, respectively. The determined

parameters argy = 5.44 x 102 s, E = 2573 K, andT, = . P g dencents, d o

105 K for ZnMb-W:3G, ando = 9.72 x 10715 s,E = 3013 IGURE 10: e tempgrature epen epc . determine o.r

K, andTo = 120 K for ZnMb-W:3DG. The simulated curves gglgb(;/;/ @), ZnMb-W:G @), ZnMb-W:3G (), and ZnMb-W-

well fit the (_)bs.erved temperature dependence of Higure curve agrees well with the obtained data. Thus, Figure 9

?err? leea:ggjrlengtlecaet(re\Ze;Zztofz;hl\ﬂaz_%,ag_c\;,v.ggov\yvshi|Zt[ﬁgger shows that is linearly dependent on the solvent viscosity
perature dep © . €y regardless of the solvent composition and temperature. Here,

have a similar value of. at room temperature. Thus, it is

) S e . . . it is noticeable that the exponential term in eq 1 is no longer
obvious in Figure 8 that the diffusive conformational motions . ide i . ion in th
of ZnMb-W:3DG slow down more readily by lowering the Qﬁcess_ary na very V(\;' Ewsgosny(;eg|o$ N tl € p(;_esenlt case.
temperature than those of ZnMb-W:3G. us, It Is suggested that depends onf only indirectly

. through theT dependence of, and that the solvent viscosity
'Next., we dlscus_s th_e dependence of. T the solvent rather than temperature plays a crucial role in determining
viscosity 7 shown in Figure 9. As the temperature depen-

dence ofy of the water-glycerol mixtures, we employed the d_ynamics of Mb obser\_/ed here: : .
the WeII-Znown Hasinoff's empirical Iaw'3(3) which is This becomes more legible in Figure 10, in which the
P correlation time scaled by the solvent viscosity is plotted as

warrantable above 230 K. That of the pure water was quoted f . f the i T If 1z = k ob 11
from a typical handbook of chemistry and physics. On the a function of the inverse of. Tc = K ODEYS €d L,
other hand. we measured the viscosity of the' ter dependence of log(z;) will show a negative slope in the

. § Y water low-temperature region, which corresponds-tbi/ks. In
diglycerol mixture at and above 220 K by using a cryogenic

: S Figure 10, however, log(z;) is almost temperature-
rheometer (Rheometric Scientific FE ARES-2KFRT). In independent, or even decreases with increasing temperature
Table 1, the temperature dependence of the solvent used

in the experiment is summarized. The solid line in Figure 9 reflecting the saturation of 4/in the low-viscosity region.
. A . : 9 This verifies thatH in eq 1 is very small or essentially 0 in
is a fitting curve to a linear function

the present case.

1000/T [K™]

7 =1 X g (18)  DISCUSSION
(A) Characterization of Energy Landscagée hierarchi-

with A = 1.26 x 10° [cP/s] ando = 7.46 [cP]. The fitting cal arrangement of CS’s of Mb has been established by
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Ficure 11: The energy landscape of Mb. (a) The hierarchical

arrangement of CS’s. (b) Harmonic potential with the hierarchical
CS’s on its surface.
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Thus, the deviation of the site-energy distribution function
from a Gaussian shape can be an indicator of unharmonicity
of the potential surface. So far, Kaposi et &6)and Ahn

et al. @7) have independently succeeded in determining the
precise shape dB(wo) respectively for Mg-substituted Mb
(MgMb) and ZnMb, by using the fluorescence line-narrowing
technique at a cryogenic temperature. Their results have
shown that the shape @(wo) somewhat deviates from a
Gaussian shape (especially for MgMb but not so much for
ZnMb) at a cryogenic temperature. This clearly indicates that
the potential surface is not completely harmonic at least at
cryogenic temperatures. The above-mentioned step-like
behavior ofc(ty) at 240 and 260 K may be related to the
unharmonicity of the potential surface thus inferred from the
shape of the low-temperatuf®wo). At a higher tempera-
tures, however, the deviation G{wo) from a Gaussian shape

various experiments such as the band Ill relaxation measure-sgems small so that the absorption spectrum ab@®@0 K

ments @, 4). The most compelling evidence for the hierar-
chical CS’s comes from the infrared4) and resonance-

can be approximated by a Gaussian shape (see Figure 2).
Probably, the effective potential surface is roughly expressed

Raman 84) spectroscopic studies on the stretching band of by a parabola at higher temperatures.

MbCO, which have clarified that it consists of three or four
bands, implying that MbCO can exist in three or four
conformations, that is, in the so-calle’—As; substates.

The value off also has a close relation to the shape of
the energy landscape. As shown in Figure 5, the assumption
of the temperature-independghseems to hold, suggesting

These substates have been considered to belong to the highegt, validity of the time-temperature scaling principle of the

tier of the hierarchy. The interconversion rates among these
A substates have been estimated by a double-pulse flash

photolysis experimentl@) and a pressure-release experiment

correlation function. The average value pfof 0.26 is
considerably small compared with those usually estimated
around 0.5 in the relaxation process of various disordered

(35). On the basis of these experimental results, the energySystems 31). In fact, in the TRTHB studies of dye-doped

landscape depicted in Figure 11a has been prop@ed (

viscous solvents3, was determined to be0.5 (19, 38.

The hierarchical arrangement of CS’s mentioned above The remarkably smaft of ZnMb solutions indicates a wider

should affect the time evolution of bott(ty) and o(ty)

distribution of the fluctuation time scale. At a first glance,

observed in the present study. The energy landscape drawsmallg, or a very wide distribution of the time scale, appears

in Figure 11a will result in a discrete distribution of the

to imply a more disordered characteristic of ZnMb than the

barrier height separating CS’s. Then, crossing of the barriersordinary glass former, and to contradict the established idea

belonging to different tiers may take clearly different times.
If plotted versus log{), c(ty) and o(ty) consequently may

that the protein has a more ordered structure than the ordinary
glasses. We interpret the origin of the smalas follows.

show time evolution with discrete phases; each phaseThe stretched exponential correlation function of the con-
corresponds to the fluctuation process in different tiers. As formational fluctuation is due to the interaction among
described in Results and Analysis, in contrast, the observedyarious steps of motions of groups of atoms with different

c(ty) and o(ty) were reproduced well by a stretched expo-
nential function with a single time constant. In addition, the

sizes. The cooperative nature of the fluctuation process makes
the correlation function nonexponentiél| 39. Namely,

whole observed data were reproduced rather well on the basigshe motion of an atomic group with a larger size can not

of a simple harmonic potential model discussed in Theoreti-

cal Background. This implies that the overall profile of the

occur unless the appropriate configuration of atoms is
achieved through the rearrangement of atomic groups with

energy landscape is expressed fairly well by a parabolic smaller sizes. The smalf estimated for a protein is,
function, rather than the shape depicted in Figure 1la.therefore, interpreted in terms that the molecular motions in
However, a close look at Figure 5c,d may suggest that the a very wide variety of classes simultaneously participate in

data points for both ZnMb-W:3G and ZnMb-W:3DG at 240
K (a) and 260 K ) can be fitted to a sum of two

exponential functions, as well as to a single stretched-

exponential function. It is possibly a sign of the discrete
barrier height distribution predicted by the hierarchical CS’s.
In spite of this sign, it can be said that, in this relatively

a protein solution. The smallest step may be a motion of the
surrounding solvent molecules, and the largest step may be
a rearrangement of the domain unit which is absent in
ordinary glasses.

Anyway, owing to this smalB, a ZnMb molecule shows
a very slow conformational fluctuation process in the

high temperature region, the effect of the discrete barrier- microsecond region even in physiological conditions. In other
height distribution is rather small, resulting in the nearly words, it takes about a few microseconds for a ZnMb

single-phase behavior af(ty) as shown in Figure 5. To
confirm this effect, the investigation of the more detailed
shape ofc(ty) is one of the important future problems.

molecule to walk around all the energetically allowed phase
space even at room temperature. In most molecular dynamics
(MD) simulations, on the other hand, the typical sampling

There is another observable which gives information about time is at most a few nanoseconds, which is far shorter than

the shape of the energy landscape. As shown in eq 11, thehe equilibration time estimated here. Therefore, one must
assumption of the harmonic potential surface leads to a site-take care in comparing the results of such simulations and
energy distribution functiors(wg) with a Gaussian shape. the experimental results which are obtained as the ensemble
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average over the thermal equilibrium distribution. Of course, shows that the observed process corresponds to a rather
the equilibration time will be different for different proteins. global conformational motion involving the motions of the
In fact, our recent experiment on Zn-substituted cytochrome residues having direct contacts with the solvent molecules.
c indicates that it has a somewhat shorter equilibration time This thought is also supported by the fact that ZnMb doped
than ZnMb (see the following article). in a solid polymer matrix exhibits no diffusive conforma-
According to the above discussion, we introduce in Figure tional motion. In Figure 10, it is obvious thét in eq 1 is
11b a picture of the energy landscape of ZnMb which very small or almost 0, suggesting that the temperature plays
adequately accounts for the tendency of the observed dataonly a secondary role in determining the conformational
Its overall shape, that is, the envelope on which many local dynamics of a Mb molecule in high-viscosity region. This
minimums are located, is expressed by a parabolic functiongives a crucial evidence for the solvent-induced glass-like
(dashed line). The heights of the potential barriers separatingtransition of Mb around 200 K. Although it is still a
the local minimums form a rather continuous distribution, controversial problem whether the glass-like transition of a
while in Figure 11a, three distinct conformers exist in the protein is induced by the solvent, we believe from the above
highest tier of the hierarchical CS’s. The inconsistent result that the quenching of the fluctuation by lowering
conclusions obtained from our experiment and the above-temperature is induced by the freezing of the solvent, at least
mentioned vibrational spectroscopy might arise from the in the case of Mb. In the low-viscosity region, on the other
different dynamical character between ZnMb and the intact hand, t. appears to become less sensitiveytoFrom the
Mb. However, it is more probable that these inconsistent fitting curve in Figure 9,z¢ in the limit of » — 0 can be
results come from the difference in the probe used. In the roughly estimated at 5.9 1078 s. As pointed out by Ansari
vibrational spectroscopy, the probe of the conformational et al. @), this saturation of I may reflect the fact that the
change in the apoprotein is the frequency of the CO- internal friction in the protein becomes effective in such a
stretching mode. This is a very small probe as compared low-viscosity region of physiological importance.
with the Zn-protoporphyrin molecule used in the present The linear dependence of on z shown in Figure 9 can
experiment. Such a small probe may be much more sensitivenot be understood by simply assuming the Arrhenius-type
to a local conformational difference, rather than to the crossing of the barriers on the potential energy surface of
difference in the global conformation. In the vibrational Figure 11b. This is because the assumption of such a barrier-
measurements, therefore, the proximate conformation aroundcrossing process results in the temperature dependenge of
the CO molecule is reflected more strongly on the experi- predicted by eq 1 withH of a non-zero value, which is not
mental results than the global conformation. In the presentthe case in the present experiment. Hence, we must explain
TRTHB case, on the other hand, a much larger molecular simultaneously the two phenomena in Mb solutions; one is
probe is employed, and the information about the local the stretched-exponential behavior Gfty) with a small,
conformation may be filtered out and that about the global almost temperature-independ@htind the other is the linear
conformation is mainly obtained. We believe that a Mb # dependence of. without any apparent temperature
molecule in this temperature region feels the potential surfacedependence.
as shown in Figure 11b. There exists a simple model, the hierarchically constrained
Here, we must point out that what are shown in Figure 11 dynamics (HCD) model proposed by Palmer et &9)(
are the energy landscapes of ZnMb defined as functions ofwhich explains adequately the former phenomenon. In this
the degrees of freedom of both the protein and the solventmodel, the degrees of freedom of the system are represented
molecules interacting with the protein. Kitao et al. compared by N Ising spins, each of which belongs to one of many
the trajectory of the MD simulation of melittin in water with  hierarchical levelsn = 0, 1, 2, .... There arBl, Ising spins
that in vacuum 40). The MD trajectory in water shows a in the leveln. Then, it is assumed that the dynamics in a
very diffusive character associated with transitions from one lower level imposes constraint on the dynamics in a higher
conformation to another, while that in vacuum displays a level. This constraint is expressed by the condition that each
smooth, oscillative motion. They concluded that the diffusive spin in leveln + 1 can flip only when a certain condition
character of the MD trajectory in water results from the on u, (un =< Npn) spins in leveln is satisfied. With these
interaction between melittin and the first- and the second- postulates, the correlation function is obtained as
shell hydrated water moleculedl, 42. Their analysis
clearly indicates that the roughness of the potential surface
of a protein comes partly from the solvent molecules
imposing constraint on the conformational dynamics of a
protein. Hence, the degrees of freedom of the surroundingwith the relation
solvent can no longer be ignored to account for the dynamical
character of the protein conformation. We, therefore, intro- Th = 27, (20)
duced the energy landscape as a function of both the protein
conformation and surrounding solvent configuration. Cross- Here,z, is the average correlation time of the spins in level
ing of the lowest barrier in Figure 11 may correspond to the n. Because of the flexibility of this model, various types of
change in the solvent configuration. The following discussion C(t) can be realized by arbitrarily assuming hdlyandun
is based on this idea. depend om, in principle. In fact, with the relationg, =
(B) Sobent Effect in Terms of Hierarchically Constrained  uon™P with p = 1 andN, = Ng¢/A", Palmer et al. succeeded in
Dynamics ModelFigure 9 clearly shows that the solvent reproducing the stretched-exponenti{t). Here, however,
viscosity influences critically the conformational dynamics we do not introduce any concrete relation for and N,
of ZnMb especially in the high-viscosity region. This again because this model probably oversimplifies the real situation,

00

CH) = ) (N/Nexp(-tz,) (19)

n=
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and also because the parametpror 4 will have few
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400 ps. Although the amplitude of this relaxation decreases

meanings. Nevertheless, this model reproduces the importantvith lowering temperature from 290 K, no slowing down of

aspect, that is, the timeemperature scaling principle, iif
dependence of bofty, andN, is not temperature-dependent.
According to this HCD model, hence, we can give a

this process to the time region longer than 400 ps was
observed. They explained this phenomenon qualitatively in
terms of the HCD model. The conclusion they drew is as

qualitative explanation for the stretched exponential behavior follows. The excited-state dynamics of ZnMb consists of two

of C(ty) with the temperature-independefit In this case,
the temperature dependenceGif) is attributed to that of
7o, the average correlation time of the spins in the lowest
level.

We can show that the linear dependence of. is also
understood qualitatively based on the HCD model with the
following postulates. The flips of the spins in the lowest level
in the HCD model correspond in the real system to the
motions of the solvent molecules surrounding the protein,
andz depends linearly on the solvation relaxation time. The
latter assumption may be reasonable becgtise&known to
be proportional to the shear-stress relaxation ti@#. (The
idea that the different configuration of the solvation shell
around the protein gives different relaxation times of protein
has been also presented and discussed by Huang &tgal. (

processes. One is a very fast process, which is completed
within the temporal resolution of 400 ps and obeys the HCD.
The other is a slower process, which is inferred to exist from
the fact that the peak position of the fluorescence spectrum
of ZnMb depends on the exciting energy. The temporal
behavior of the latter process was too slow to be observed
in the TRF method. It is probable that the latter process
corresponds to the conformational fluctuation process ob-
served in the present TRTHB method. The fast relaxation
like the former process does not seem to exist in the ground
state of ZnMb, because the experimental results of the
TRTHB method have been well-reproduced without intro-
ducing such a fast proces®y, 29. Therefore, the confor-
mational dynamics of ZnMb in the picosecond time region
may be different between that in the ground state and that

Although this notion is no more than a speculation, it sounds in the excited state, although the dynamics in the nanosecond

quite convincing especially if we take into account the results
of the following investigations. It has been found from the
MD simulation that the change in the packing topology of

to microsecond time region is probably similar. This differ-
ence possibly results from the nonequilibrium nature of the
dynamics observed in the TRF measurement, contrary to the

the surrounding solvent molecules plays an important role case of the TRTHB measurement in which the essentially

in the conformational transition of the solute molecuié(
42). Furthermore, in their simulation, the rotational relaxation
time of the hydrated molecules has been estimated-dt 3
ps, which approximately lies in the initial stage of the
temporal change i€(t) for ZnMb-W at 300 K.

In this framework, therefore, the linegrdependence of
7. is attributed to the linear relation betwegrandzy which
is also proportional ta. in the HCD model. Thus, we can
give a qualitative explanation of thedependence af; based
on the HCD model. The saturation behavior of.lih the
low-viscosity region can also be understood in this frame-
work. While the motions of the solvent molecules become
faster with lowering viscosity, the conformational motion
of a protein can not become infinitely fast because of the
internal constraint in the protein. Then, in the low-viscosity
region, the motion of the solvent is so fast that the
conformation of the protein can not follow the solvent
motion, and then the time scale of the conformational

fluctuation of a protein becomes less sensitive to the solvent

viscosity.
Of course, the quite simplified model mentioned above is

equilibrium process is observed.

(C) Comparison of Dynamics between TRTHB and Flash-
photolysis.lt is quite interesting to compare the conforma-
tional dynamics observed by the present TRTHB measure-
ment with that appearing in the data analysis of the
flashphotolysis experiment. One must keep in mind, however,
that the dynamics observed by the TRTHB is essentially the
equilibrium fluctuation while that by the flashphotolysis is
the nonequilibrium relaxation. Although it is possible that
the fluctuation and the relaxation show the same temporal
behavior based on the fluctuatiedissipation theorem, this
is the case only when the system is near the equilibrium so
that the linear response of the system is valid. Further, at
present, we do not know how much the substitution of the
central atom of the heme influences the conformational
dynamics of Mb. Here, therefore, we will confine ourselves
to making a brief comment upon the relation between these
differently obtained dynamics.

It has been considered that in the early stage of the CO-
rebinding process to Mb, the barrier height dividing the
ligated and the unligated state increases with time because

not enough for the more precise description of the protein of the conformational relaxation of the prote22( 23, 44.

dynamics. However, we consider that the HCD model

This time-dependent barrier mechanism has been accepted

appropriately accounts for the fundamental aspects of ourto give a plausible explanation for the so-called “inverse
experimental results. The real process may actually be atemperature effect” in which the geminate-rebinding rate

combination of the HCD and other types of dynamics, such

as those controlled by the distribution of the potential barriers.

The HCD model was also applied by Murakami and Kushida
to analyze the excited-state dynamics of ZnMb in the-170

decreases with increasing temperature. Recently, Agmon et
al. have succeeded in reproducing the geminate recombina-
tion kinetics of MbCO based on their two-dimensional
potential model. In this model, the temporal variation of the

290 K temperature range observed by the time-resolvedbarrier height is assumed to be induced by the diffusive

fluorescence (TRF) spectroscopdB|. They found that the

conformational motion through the protein conformational

fluorescence spectrum of ZnMb displays a large Stokes shift, coordinate x, whose dynamics is expressed by the Smolu-

which can not be understood by considering only the
vibrational relaxation. They attributed this large Stokes shift
to a very fast conformational relaxation process from one
CS to another occurring within the temporal resolution of

chowski equation with a harmonic potential surface. In their
formalism, the relaxation time of this conformational process
corresponds t&T/Df whereD is the diffusivity andf is the

constant proportional to the spring constant of the harmonic
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potential. Interestingly, this relaxation time estimated by
fitting the experimental data for MbCO in W:3G shows a
similar temperature dependence with for ZnMb-W:3G
above~220 K, but is +-2 orders of magnitude faster than
the latter. It was found that the relaxation time estimated in
the framework of Agmon et al. lies in the early stage of the
fluctuation observed in the present TRTHB study.

Another type of the conformational dynamics has also been

Shibata et al.

explanation of both the small, temperature-independemid
the linear dependence af on the solvent viscosity, we
employed the HCD model with the postulates that the
dynamics in the lowest level in the HCD corresponds in the
real system to the motions of the surrounding solvent
molecules. On the basis of this interpretation, the following
conclusion was drawn.

The rearrangement of the Mb’s conformation does not

introduced, which is considered to concern the ligand escapeoccur until an appropriate configuration of the solvent
process from the heme pocket. Tian et al. have estimatedsurrounding Mb is attained in a high-viscosity region. In the
the interconversion rate between the so-called open andlow-viscosity region, on the other hand, the conformational
closed conformers by the double-pulse technidi®.(The dynamics of Mb is constrained less effectively by the solvent
interconversion rate estimated by them also shows a similardegrees of freedom. In a physiological viscosity region, then,
temperature dependence withfor ZnMb, but in this case ~ Tc becomes sensitive to the internal friction in the protein
is 1—2 orders of magnitude slower than the latter and lies rather than to the solvent viscosity. This implies that the
around the long-time tail of the fluctuation process of ZnMb. dynamical character of the protein will be highly dependent
Hence, the above-mentioned two types of dynamics derivedon the type of the protein in such a physiological condition.
in the photolysis experiments show temperature dependencdience, we can say that the present TRTHB study has
similar to that observed in the TRTHB study, although the succeeded in revealing a new aspect of the protein dynamics,
time scale of both dynamics is somewhat different from the Which is not available from the cryogenic investigations. This
latter. Perhaps these conformational dynamics have a closéinderscores the utility of our TRTHB technique for detecting
relationship to that observed for ZnMb. To confirm this and characterizing the protein dynamics. Recently, we have
relationship, one needs to do further systematic investigation,succeeded in deriving the individuality of the protein
for example, experiments for ZnMb samples of other species dynamics by using this TRTHB method, which is reported

or for site-directed mutant Mb samples.

In the recent work by Huang et alL1), evidence has been
given for a relaxation having a temperature and viscosity

in the following paper 45).
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CONCLUSIONS

The TRTHB studies were carried out for ZnMb solutions
with various solvent conditions. The observed temporal
changes in both the peak position and width of the THB
spectrum were well-explained based on the CC model with

an assumption of the harmonic-energy landscape. This shows

that the picture of the simple harmonic-energy landscape
gives a good description of the real system. A sign of the
discrete distribution of the barrier height, that is, the two-
phase time evolution of the THB spectra, was also obtained,
which may imply hierarchy of the energy landscape.
However, such an effect is very small and needs to be
confirmed by further detailed observations. As a whole, the
nearly single-phase time evolution of the THB spectrum
supports the picture of the harmonic potential surface.
From the fitting procedure of the time evolution of the
THB spectra, it was found that the time correlation function
of the conformational fluctuation of ZnMb is expressed
approximately by a stretched-exponential form with a rather
small, and almost temperature-independgnt-urther, the
correlation timer, was found to be linearly dependent on

the solvent viscosity regardless of temperature and the solvent

condition. The latter phenomenon clearly shows that the
glass-like transition of Mb by lowering temperature is
induced by the freezing of the solvent. For a qualitative

advice in preparing the samples.
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