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Time-Resolved Hole-Burning Study on Myoglobin: Fluctuation of
Restricted Water within Distal Pocket
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ABSTRACT We have studied the equilibrium fluctuation dynamics of Zn-substituted myoglobin and its His64—Leu (H64L)
mutant in the pH range from 5 to 9 by using time-resolved transient-hole-burning (TRTHB) spectroscopy. In the H64L mutant,
we have observed a largely reduced width of the absorption spectrum and only a slight temporal shift of the hole-burning
spectrum. These observations both reflect the suppressed conformational fluctuation in the mutant. On the other hand, the
pH-dependent change in the absorption spectrum could not be solely explained by the change in the protonation state of
His64 induced by the pH change. These results suggest that although the fluctuation dynamics observed by the TRTHB
experiment of the native sample mainly reflects the conformational motion around His64, the interconversion process of His64
between its protonated and unprotonated states has a minor contribution. Instead, we have proposed a tentative interpre-
tation that the motion of the water molecule around His64 is the main source of the observed dynamics in the TRTHB

technique.

INTRODUCTION

Myoglobin (Mb), which is an O,-storage protein, has been
one of the most simple and important model systems for
investigating the relation between function and dynamics of
protein (Austin et al., 1975; Ansari et al., 1985; Frauen-
felder et al., 1991; Young et al., 1991; Jackson et al., 1994).
Intensive studies on this protein for the past 30 years have
revealed the crucial role of conformational fluctuation for
the entrance and exit of a small ligand molecule (Barboy
and Feitelson, 1989; Elber and Karplus, 1990; Carlson et al.,
1996; Tian et al., 1996). Fluctuation of the distal-pocket
residues in deoxy-Mb may be coupled to motions of water
molecules within the pocket, which has been indicated by
mutant studies to play an important role in determining the
association rate of a ligand molecule (Carver et al., 1990;
Quillin et al., 1993; Uchida et al., 1997). Conformational
fluctuation may have a general role in controlling the en-
trance, exit, and diffusion processes of small molecules
within a protein matrix. It has been also suggested that the
internal water molecules within the protein matrix play an
important role in maintaining the conformational flexibility
of protein (Sastry and Agmon, 1997).

Recently, we have developed a novel method of time-
resolved transient-hole-burning (TRTHB) spectroscopy,
which provides us with an opportunity to make time-domain
observation of conformational fluctuation dynamics of a
protein over a wide time range from nanosecond to milli-
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second (Shibata et al., 1997, 1998, 1999). The principle of
the TRTHB method is summarized as follows (Kinoshita,
1989; Shibata et al., 1998, 1999). We consider an absorption
spectrum of a solution of chromoprotein with fluctuating
conformation, which perturbs the resonance energy of the
contained chromophore. Each single chromophore has dif-
ferent resonance energy depending on its surrounding en-
vironment. The temporal fluctuation of protein conforma-
tion induces the fluctuation of the environment of the
chromophore and then induces the temporal fluctuation of
its resonance energy. By detecting this spectral diffusion
phenomenon, one can make a time-domain observation of
the conformational fluctuation of a protein matrix. In the
TRTHB method, this is done by detecting the temporal
change in the transient-hole-burning (THB) spectrum
burned by an irradiation of a laser pulse. The irradiation of
a spectrally sharp laser pulse selectively excites the chro-
mophores that are resonant with the laser wavelength. Until
the excited molecules relax to the ground state, a hole is
observed around the laser frequency in the absorption spec-
trum. This THB spectrum varies with time because of
spectral diffusion. Hence, the conformational fluctuation of
a protein can be detected by observing this temporal varia-
tion of the THB spectrum until the excited molecules relax.
We have employed myoglobin samples in which the intact
heme is substituted by Zn-protoporphyrin IX (Zn-PP). In
this case, accumulating the excited molecules in the long-
lived triplet state results in hole burning. Consequently, the
lifetime of the hole becomes as long as the phosphorescence
lifetime, typically in the millisecond region. One can there-
fore make a time-domain observation of the conformational
fluctuation over the nanosecond to millisecond time range.

In previous studies using the TRTHB technique, we have
succeeded in deriving novel aspects of conformational dy-
namics of Zn-substituted Mb (Zn-Mb). These investigations
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have revealed a highly non-exponential time dependence of
fluctuation dynamics of Mb. Observed temporal change is
well described by a stretched-exponential function
(exp[—(t4/7.)P]), with B = 0.26 (Shibata et al., 1998, 1999).
A value of B of 0.26 is a conspicuously small value as
compared with those for typical glass-forming liquids, prob-
ably reflecting the high structural complexity and hierarchy
of Mb. Rather slow dynamics ranging up to the microsecond
time region even at room temperature also implies the
liquid-like nature of the protein fluctuation. Furthermore,
our study has observed a strong correlation between solvent
viscosity and the time scale 7, of the fluctuation. 7, has been
found to obey a linear relation to solvent viscosity, without
any apparent temperature dependence (Shibata et al., 1999).
Although these studies have revealed novel dynamical
aspects of Mb, so far it is not clear what is the structural
origin of the observed temporal variation of the THB spec-
trum. To connect the observed dynamical properties with
functional aspects of Mb, a structural model for what is the
origin of the observed dynamics is indispensable. The focus
of the present study is to determine what is the structural
origin of the observed process. To achieve this purpose,
here we study the effect of site-directed mutation and also
that of pH change on the TRTHB experiment. The experi-
mental results are analyzed based on the known structural
data of intact Mb and Zn-Mb obtained from x-ray diffrac-
tion studies (Quillin et al., 1993; Yang and Phillips, 1996;
Vojtvéchovsky et al., 1999) and spectroscopic studies (Fei-
telson and Spiro, 1986; Miiller et al., 1999). Zn-Mb used in
the TRTHB experiment has been clarified to adopt the
deoxy-Mb-like structure by Raman-scattering investigation
(Feitelson and Spiro, 1986). Our previous studies have also
shown almost the identical secondary structure between
Zn-Mb and intact Mb (Shibata et al., 1998). Although there
is no direct measurement of the tertiary structure of Zn-Mb
so far, we consider based on the above observation that
Zn-Mb has almost the same conformation as that of deoxy-Mb.
To date, x-ray diffraction studies on Mb have provided
information about its structure and dynamics. Yang and
Phillips (1996) have determined the crystal structures of Mb
at various pH values and in various ligation states. Their
study has clarified the flexibility of the distal histidine
(His64) residue. In low pH condition, His64 is protonated
and its imidazole ring tends to point toward the solvent side.
This tendency is especially obvious in the carbonmonoxy
state and is also valid in the deoxy state. Recently, Vojtvé-
chovsky et al. (1999) have determined the crystal structure
of Mb at near-atomic resolution. This study has suggested
that His64 assumes two slightly different conformations
with equal occupancy in deoxy-Mb at neutral pH. These two
conformers may correspond to those observed by Yang and
Phillips at low- and high-pH conditions. These investigations
have suggested that, in deoxy-Mb at room temperature the
distal His fluctuates between the two distinct conformations.
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Recently, Miiller et al. (1999) have revisited the pH
dependence of the CO-stretching band of MbCO and estab-
lished the structural model for the 4 substates (Alben et al.,
1982; Frauenfelder et al., 1991). Based on site-directed
mutagenesis and the singular-value decomposition analysis,
they have shown that the pH-dependent variation of the
band profile can be interpreted as coming from the pH-
dependent change in the protonation states of His64 and
His97. They have shown that the pH-dependent protona-
tions of these residues obey the simple uncoupled Hender-
son-Hasselbach relation. A model considering three proto-
nation states for these residues can give a quantitative
explanation of the pH dependence of the CO-stretching
band. The three states include that in which both residues
are unprotonated at high pH, that in which these residues are
in equilibrium between protonated and unprotonated states
at intermediate pH, and that in which both residues are
protonated at low pH.

X-ray diffraction and spectroscopic investigations de-
scribed above provide us with a hint to clarify the structural
origin of the fluctuation dynamics observed in the TRTHB
method. A rather mobile character of His64 revealed by
these studies helps us consider the motion of His64 as a
plausible candidate for the origin of the fluctuation process
observed by TRTHB. Indeed, the polar His64 and the water
molecule hydrogen-bonded to it seem likely to strongly
perturb the electronic state of porphyrin. In the present
paper, therefore, we focus our interest on the relation be-
tween the conformational motion around His64 and the
fluctuation process observed by the TRTHB technique. We
study the effect of site-directed mutation, His64—Leu
(H64L), and also variation of pH on the fluctuation dynam-
ics observed by the TRTHB technique. X-ray diffraction
study of the H64L mutant has clarified that the replaced Leu
residue points into the heme pocket. It has been also re-
vealed that the water molecule hydrogen-bonded to His64 in
the native protein is excluded from the heme pocket in the
mutant due to the hydrophobic nature of the Leu residue
(Quillin et al., 1993). As indicated above, variation of pH
causes a conformational change in His64. To study the
effect of this conformational alteration of His64 by chang-
ing pH will help to clarify what is the structural origin of the
observed process in more detail.

MATERIALS AND METHODS
Sample preparation

As in the case of the previous TRTHB studies, in the present investigation
we have employed horse Mb (hsMb) as the native-type sample. hsMb was
purchased from Sigma Chemical Co. (St. Louis, MO) and used without
further purification. Mutant and wild-type human Mb (hmMb) were pre-
pared as described previously (Varadarajan et al., 1985; Uchida et al.,
1997). We have done a control TRTHB experiment for the wild-type
Zn-hmMb and confirmed that there is no obvious difference in the fluc-
tuation dynamics between Zn-hsMb and Zn-hmMb. Thus, we conclude
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here that the difference of experimental results between Zn-hmMb-H64L
and Zn-hsMb mainly comes from the effect of site-directed mutation.

The substitution of Zn-protoporphyrin IX (Zn-PP) for the heme in intact
Mb for all Mb samples has been done by the same procedure as that in the
previous studies (Kurita et al., 1990). For low-temperature experiments,
Zn-Mb solution in 100 mM phosphate buffer (pH 6.0) was mixed with a
threefold volume of glycerol (Zn-Mb/W:3G) to maintain its transparency.
The protein concentration of this solution was ~0.3 mM. For measure-
ments of the pH dependence at room temperature (296 * 0.5 K), the pH of
sample solutions was controlled according to Miiller et al. (1999). Namely,
Zn-hsMb solution was mixed with a threefold volume of 400 mM buffer
with desired pH, resulting in again ~0.3 mM protein solution in ~300 mM
buffer. The pH of the prepared solutions was determined by using a
semiconductor-based pH meter (pHBOY-P2, Shindengen, Tokyo, Japan)
after mixing. Acetic acid/sodium acetate buffer, phosphate buffer, and
glycine/NaOH buffer were used for pH regions below 5, between 5 and 8,
and above 8, respectively.

Spectroscopic methods

The experimental method is basically the same as that reported in the
previous papers (Shibata et al., 1997, 1998, 1999). The wavelength of the
burning laser is of practical importance. To observe a large temporal shift
of the THB spectrum, burning should be made in the red edge of the
absorption spectrum. In the present study, the burning wavelength was
carefully chosen in the red-edge region of the absorption spectrum so that
the optical density at the burning wavelength was ~25% of the absorption
maximum. Because the profile of the absorption spectrum is temperature
dependent, we adjusted the burning wavelength at each temperature. Fur-
thermore, to obtain the THB spectrum free from the rotational-relaxation
effect of a protein, we observed the THB spectrum in the magic-angle
configuration in which the angle 6 between the polarizations of the probe
and burning beams satisfies the relation sin0 = 2cos?d. Some minor
changes in experimental instruments have been made as follows.

For cryogenic experiments, the sample solution was contained in a
handmade copper cell having glass windows and cooled with a closed-type
refrigerator (model V202C5L, Daikin Industries, Osaka, Japan). Its tem-
perature was controlled within *£0.1 K accuracy. For room-temperature
aqueous-solution experiments, the sample solution was sealed within a
glass cell without any temperature-control equipment. The optical-path
length was 2 mm for both cryogenic and room-temperature experiments.

The burning was made by using a dye laser (FL3002E, Lambda Physik,
Gottingen, Germany using rhodamine 6G dye) with a pulse duration of ~7
ns, pumped by a frequency-tripled and Q-switched Nd:YAG laser (LAB-
130, Spectra Physics, Mountain View, CA). For the probe-light source, we
used a nanosecond pulse lamp (Xenon, model-437B, Weburn, MA). Its
pulse duration and time jitter were ~10 ns and %5 ns, respectively, which
limited the temporal resolution of our measurement to be ~20 ns. A small
fraction of collimated probe light was reflected by a wedged glass plate,
focused into one input of the y-blanched optical fiber and used as a spectral
reference. The main part of the probe light was transmitted through the
sample and then focused into the other input of the y-blanched fiber. The
output of the optical fiber was guided into a polychromator (model 320i,
Acton Research, Acton, MA), and the spectra of both the sample and the
reference were detected by an air-cooled CCD-camera system (model
TEA/CCD-1100PF/UV, Princeton Instruments, Trenton, NJ). The THB
spectrum at time 74 after the burning was obtained as
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Here, A(v) is the ordinary absorption spectrum before the burning, and
A'(v, ty) is the absorption spectrum at ¢, after the burning, [&ref jig/ref

laser »

and 75" are the signal/reference light spectrum under the irradiation of
both burning and probe pulses, under the burning pulse, and under the
probe pulse, respectively.

THEORETICAL BACKGROUND

Here we review the theoretical background relevant to the
present study. The absorption spectrum of a chromoprotein
solution is given as a convolution of the absorption profile
of a single chromoprotein molecule, a(v), and inhomoge-
neous distribution function, G(v,), as

A(v) = |alv — vy)) G(vy)dv,. 2

Here, v, is the frequency of zero-phonon line, which cor-
responds to the purely electronic transition without excita-
tion and de-excitation of vibrational modes. v, is called site
energy, and a(v) is called single-site absorption profile.
Here, we assumed that each chromophore has the same
single-site absorption profile but with a different site en-
ergy. Inhomogeneous distribution arises from the disorder
of the environment around the chromophore, which raises or
lowers the site energy v, of each molecule randomly. In the
case of a protein, the origin of the disorder is conformational
substates (CSs) (Austin et al., 1975; Frauenfelder et al.,
1979, 1991). Transitions among CSs induce a temporal
fluctuation of v, of each molecule, and this phenomenon is
called spectral diffusion. The widths of a(v) and G(v,) are
called homogeneous and inhomogeneous broadening, re-
spectively. It has been demonstrated that the spectral pro-
files of both a(v) and G(v,) can be determined experimen-
tally by using the fluorescence-line-narrowing technique at
cryogenic temperatures (Ahn et al., 1995).

If the profiles of both a(v) and G(v,) can be approximated
by Gaussian shape, the second power of the absorption
width is roughly equal to the sum of the second powers of
the inhomogeneous broadening and the homogeneous
broadening. Above the glass-like transition point, the am-
plitude of spectral diffusion decreases with lowering tem-
perature. Thus, inhomogeneous broadening decreases with
lowering temperature. Homogeneous broadening originates
dominantly from the interaction between the chromophore
and the low-frequency vibrational modes of the protein
(Ahn et al., 1995; Shibata et al., 1996). Then, homogeneous
broadening also decreases with lowering temperature be-
cause of the reduction of the thermal population of the
low-frequency modes. Above the glass-like transition,
hence, the temperature dependence of the absorption spec-
trum is attributed to those of both inhomogeneous and
homogeneous broadening. Below the glass-like transition
point, on the other hand, the transitions among CSs are
frozen, and then inhomogeneous distribution is no longer
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temperature dependent. In this case, the temperature depen-
dence of the absorption profile is attributed only to that of
the single-site spectrum.

In the TRTHB method, the spectral diffusion process is
observed by using the site-selective excitation. By introduc-
ing a conditional probability D(v,, #; v,) defined as the
fraction of the chromophores having the site energy v, at
time ¢ when they initially have the site energy v,, the THB
spectrum H(v, ty; vy) at time ¢, after the burning is ex-
pressed as

H(Va td) VL)

o* = jja(V — v)D(v1, t4; vo)a(v, — v)G(vy)dvidv,.  (3)

Here, v is the frequency of the burning light. It should be
stressed that both the temporal variation of the THB spec-
trum and the inhomogeneous broadening originate from the
same fluctuation process, that is, the transition among CSs.
Thus, the aim of the present study to clarify the origin of the
temporal variation of the THB spectrum is, in other words,
to clarify the origin of the inhomogeneous broadening.

RESULTS AND ANALYSIS

Effect of pH change and mutation on
absorption spectrum

Fig. 1 a shows the pH dependence of the absorption spec-
trum of Zn-hsMb in a buffered-water solution. Fig. 1 b is the
same as Fig. | a, but in this panel the peak heights of the
spectra are normalized to unity for comparison and the
absorption spectrum of Zn-hmMb-H64L in buffered-water
solution at neutral pH is also shown. Fig. 1 clearly shows
the spectral shift of the absorption spectrum of Zn-hsMb
toward the long-wavelength side with raising pH. It is
conspicuous that the absorption spectrum for Zn-hmMb-
H64L is located at a much longer wavelength than that for
the native sample. Furthermore, it has a much sharper width.
This conspicuous effect of the substitution of His64 on the
absorption profile indicates that the position-64 residue
indeed has a strong influence on the electronic state of
Zn-PP. Because of the band sharpening, the side band
located ~12 nm shorter wavelength than the main band is
more clearly resolved for Zn-hmMb-H64L/W:3G than for
the native sample. We have indicated previously by study-
ing the polarization dependence of the THB spectrum that
this side band originates from the x-y splitting of the Q band
(Shibata and Kushida, 1998). In the following, we give
attention only to the properties of the main band, which
more directly reflects the fluctuation dynamics of the pro-
tein matrix.

To estimate the peak position and the spectral width of
the absorption profile, we numerically calculated the first
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FIGURE 1 (@) Q-band absorption spectrum of Zn-hsMb in aqueous

solutions at various pH values. Protein concentration is same for every
sample. (b) Normalized Q-band absorption spectrum of Zn-hsMb at vari-
ous pH values and that of Zn-hmMb-H64L at neutral pH (thick line). The
lines for Zn-hsMb at pH 7.6 and pH 9.2 almost completely overlap and
cannot be distinguished from each other.

moment M, and the dispersion o* of the absorption spectra
as

B f:f vA(v)dv
Mgy = W 4)

_ f: (v — M,)°A(v)dv
%o = [P Awdy (5)

Here, integration was carried out in the energy unit cm™ '

within the spectral region between v, and v,. We selected
the energy positions where the height of the spectrum is
20% in the low-energy side and 80% in the high-energy side
of its maximum as the low-energy (v,) and high-energy (v,)
limits of the calculation, respectively. The subscript abs
indicates that these values are calculated for the absorption
spectrum. It should be noted that o approximates half of the
spectral width.

Fig. 2, a and b, show the pH dependence of M, and
O,ps for Zn-hsMb, respectively. It is clear that the pH-
dependent shift of the absorption spectrum occurs mainly in
the pH region from 5 to 7. On the other hand, the dispersion
of the absorption spectrum within this pH region is slightly
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FIGURE 2 pH dependence of M, (¢) and o, (b) calculated for the
Q-band absorption spectrum of Zn-hsMb in aqueous solution (@) and that
of the H64L-mutant in aqueous solution ().

larger as compared with that outside this pH region. Miiller et
al. (1999) have shown that the change in the CO-stretching-
band profile of sperm whale MbCO (swMbCO) with varying
pH mainly takes place also in this 5-7 pH region. They have
reasonably interpreted that the pH-dependent spectral variation
of the CO-stretching band is caused by the change in the
protonation states in His64 and His97 taking place in this pH
region. The estimated pK values are 4.53 and 5.91 for His64
and His97, respectively. The fact that the pH-dependent vari-
ation of both the Q-band absorption spectrum of Zn-hsMb and
the CO-stretching band of swMbCO occurs in the same pH
region seems to indicate that the present pH-dependent shift of
the absorption spectrum is also induced by the conformational
change in His64 upon pH change. As discussed in detail later,
however, only a slight broadening of the absorption spectrum
in the pH region of 57 contradicts at a quantitative level this
simple interpretation.

Temperature dependence of absorption spectrum

Fig. 3 compares the temperature dependence of the absorp-
tion profile among Zn-hsMb, Zn-hmMb, and Zn-hmMb-
H64L in water-glycerol (1/3, v/v) mixtures. All samples
show substantial spectral sharpening and shifts toward
the short-wavelength side with lowering temperature.

1017
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FIGURE 3 Temperature dependence of the Q-band absorption spectrum
of Zn-hsMb/W:3G (a), Zn-hmMb-H64L/W:3G (b), and Zn-hmMb/W:3G (c).

Temperature dependencies of the absorption profiles for
Zn-hsMb and Zn-hmMb are similar, except for a slightly
stronger temperature-dependent shift for Zn-hsMb than that
for Zn-hmMb. Although it is not clear, there is an additional
difference between the absorption profiles of the H64L-
mutant and the native samples. The spectral shape of the
main band for the H64L sample is well fitted to a single
Gaussian profile (not shown), although it is rather asym-
metric and no longer fitted to a single Gaussian form for the
native samples, as shown more clearly in the low-tempera-
ture spectra in Fig. 3. The asymmetric features of the
absorption profiles for the native samples may be attributed
to their asymmetric inhomogeneous distributions. Here, we
interpret it as implying multiple conformational states for
the native samples.

Fig. 4, a and b, respectively, shows the temperature
dependence of M, and o, for Zn-hsMb (closed circles),
Zn-hmMb (open triangles), and Zn-hmMb-H64L (open
stars). Zn-hmMb has a slightly broader absorption width
than Zn-hsMb. Comparison of o,,, between Zn-hmMb and
Zn-hmMb-H64L reveals that the H64L mutation results in
an ~30 cm ™! reduction of the dispersion of the absorption.
In the previous paper, we have determined the inhomoge-
neous-distribution profile of Zn-hsMb/W:3G at various
temperatures (Shibata et al., 1996). The method to deter-
mine the G(v,) profile is as follows. The single-site absorp-
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FIGURE 4 Temperature dependence of M, (@) and o, (b) calculated
for the Q-band absorption spectra of Zn-hsMb/W:3G (@), Zn-hmMb/W:3G
(A), and Zn-hmMb-H64L/W:3G (*). The dashed line and solid line in b
show, respectively, the temperature dependence of dispersions of the
inhomogeneous distribution and the single-site absorption profile of Zn-
hsMb/W:3G, which have been determined from simulation (see text).

tion profile at a given temperature can be numerically
simulated by using the experimentally obtained information
concerning the density of states of the low-frequency modes
of Zn-Mb (Ahn et al., 1995; Shibata et al., 1996; Shibata,
1997). By using this simulated single-site absorption pro-
file, the experimentally obtained absorption profile, and
numerical deconvolution, the inhomogeneous-distribution
profile at a given temperature is determined. The dashed
line in Fig. 4 b shows 0;,nome, the dispersion of the deter-
mined inhomogeneous distribution. The solid line is a rough
estimation of ay,.,,,,, the dispersion of the single-site absorp-

tion calculated as Vo3, — o7 . Here, the solid line does

s inhomo

not show the temperature dependence of the dispersions of
the simulated single-site absorption profiles. This is because
they have rather structured shapes and are not appropriate
for the numerical integration to estimate their dispersion.
It is obvious in Fig. 4 b that homogeneous and inhomo-
geneous broadening make comparative contributions to the
absorption width in the native sample. Conspicuously, o,
for the H64L sample is almost same as oy, If the homo-
geneous broadening is the same between the native and the
H64L samples, this coincidence suggests that the inhomo-
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geneous broadening of the H64L sample is very small. As
shown later, however, inhomogeneous broadening of the
mutant sample is not zero. Probably the homogeneous
broadening of the mutant sample is slightly smaller than the
native sample. It is also possible that oy,,,, is overestimated
in the above described procedure because the assumption of
Gaussian profiles for G(v,) and a(v) is not valid. Anyway,
we can say here that inhomogeneous broadening is substan-
tially reduced in the H64L mutant.

Effect of mutation on temporal behavior of
THB spectrum

Comparison of the THB spectrum between the native sam-
ple and the mutant sample may reveal which is the main
source of the reduction of the absorption width for the
mutant sample, homogeneous or inhomogeneous broaden-
ing. If the sharpening of the homogeneous broadening is the
main reason, the THB spectrum should become consider-
ably sharper for the mutant sample. It is also expected in this
case that the shift between the THB and the absorption
spectra in the mutant sample remains comparative to that of
the native sample. Fig. 5 compares the temporal variation of
the THB spectrum at 180 K and 240 K between Zn-hsMb/
W:3G and Zn-hmMb-H64L/W:3G. The depths of the THB
spectra are normalized to unity. The dashed lines in Fig. 5
are the absorption spectra at the respective temperatures
whose peak heights are also normalized. It is obvious in Fig.
5 that the hole widths do not differ critically between
Zn-hsMb and Zn-hmMb-H64L. The THB spectrum just
after the burning for the native sample is shifted toward the
long-wavelength side where the burning was made because
of the site-selected excitation, whereas only a slight shift is
observed in the case of the H64L mutant. These observa-
tions provide clear evidence that the reduced absorption
width for the H64L mutant mainly comes from the reduc-
tion of the inhomogeneous broadening, not from that of the
homogeneous broadening. The observation of a slight shift
of the THB spectrum from the absorption spectrum, on the
other hand, indicates that the inhomogeneous broadening is
indeed non-zero in the H64L mutant.

The temporal variations of the THB spectra at 240 K are
quite different between these two samples. The THB spec-
trum for Zn-hsMb shows a large temporal shift toward the
absorption maximum and at last results in almost the same
spectral shape as that of the absorption spectrum. Contrary
to this, the THB spectrum for Zn-hmMb-H64L shifts only
slightly with time at 240 K. It has almost the same profile as
that of the absorption spectrum even just after the burning.
This again confirms a reduced inhomogeneous broadening
for the H64L mutant.

To characterize the temporal shift of the THB spectrum,
we introduce as in the previous papers (Shibata et al., 1998,
1999) a function c(ty) = M,tus(ta) — M. that is, the
difference of the first moment between the absorption and
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FIGURE 5 Time-evolution of the normalized THB spectra of Zn-hsMb/W:3G at 180 K (@) and 240 K (b) and those of Zn-hmMb-H64L/W:3G at 180
K (c) and 240 K (d). The spectra are offset vertically to avoid overlap. The dashed lines denote the normalized absorption spectra.

THB spectra. M, is the first moment of the spectrum as
defined in Eq. 4, and the subscripts THB/abs indicate the
values as calculated for the THB/absorption spectra. The
function c(z,) is expected to tend to 0 in the time region well
beyond the conformational-fluctuation time scale (Shibata
et al., 1998, 1999). Here, we again selected the spectral
positions where the height of the spectrum is 20% and 80%
of its maximum as the low- and high-energy limits of the
integration, respectively, to exclude the side band in the
high-energy side from the calculation. Furthermore, we
eliminated the distortions due to the laser scattering in the
observed THB spectra by approximating the spectra around
the laser wavelength with appropriate quadratic functions.

Fig. 6 compares the temporal evolutions of ¢(z,) between
Zn-hsMb/W:3G (Fig. 6 a) and Zn-hmMb-H64L/W:3G (Fig.
6 b). The c(t;) for Zn-hmMb-H64L/W:3G shows only small
temporal shifts reflecting its sharp inhomogeneous broad-
ening. The c(#;) for Zn-hmMb/W:3G, not shown here, shows a
similar temporal variation with a similar temperature depen-
dence to that of Zn-hsMb/W:3G, indicating that the conspic-
uous tendency of c(¢;) for the H64L-mutant sample is a result
of the mutation. The solid lines in Fig. 6 a are the fitting curves

to the stretched-exponential function as discussed in the pre-
vious papers (Shibata et al., 1998, 1999). The slowing down of
the time scale of the temporal shift of c(z;) for the native
samples has been interpreted as reflecting the glass-like tran-
sition of the protein matrix. In the case of the H64L sample, the
absolute value of ¢(¢;) is much smaller than that of the native
sample, indicating the reduced inhomogeneous broadening.
Despite its small amplitude and severe scattering of the data
points, however, we can recognize temporal shifts of c(z;) for
the H64L sample in the 220240 K temperature region. The
amplitude of the shift amounts to ~20 cm ™' at 240 K, which
is ~40 cm ™' smaller than that observed for the native sample.
The time scale of the temporal shift of c(¢;) for the H64L
mutant seems almost the same as that for the native sample. It
becomes slower with lowering temperature, probably due to
the glass-like transition.

Effect of pH change on temporal behavior of
THB spectrum

The His64 residue strongly influences the absorption spec-
trum of Zn-Mb, as shown above. Therefore, it is expected

Biophysical Journal 80(2) 1013-1023
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FIGURE 6 Time evolution of c(zy) for Zn-hsMb/
W:3G (a) and Zn-hmMb-H64L/W:3G (b) at 180 K
(@),200K (A),220 K (#),240 K (O), 260 K (A), 280
K (¢), and 300 K (*). The solid lines in a are the
fitting curves to the stretched exponential form. The
data points at the same temperature in b are linked to
each other by dashed lines to guides the eye.
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that its conformational and protonation-state alterations
with varying pH affect considerably the dynamics observed
by the TRTHB technique. The experimental results are,
however, contrary to this expectation. Fig. 7 shows c(#,) for
Zn-hsMb in aqueous solutions with various pH. The c(z,)
for every pH value shows almost the identical temporal
behavior. Its temporal shift lasts up to ~1 us, and the
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FIGURE 7 Time evolution of ¢(#,) for Zn-hsMb in aqueous solution at
pH 5.1 (@), at pH 6.3 (A), and at pH 9.2 (). The data points are linked to
each other by dashed lines to guides the eye.
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amplitude of the shift is ~15 cm™' for every sample. The
time scale of the temporal shift of c(#;) becomes somewhat
faster than the case of the water-glycerol mixture samples,
in which the temporal shift of c(z,) lasts up to a few tens of
microseconds even at room temperature. We can conclude
here, despite serious scattering of the data points in Fig. 7,
that there seems no evident reduction of the temporal-shift
amplitude of ¢(#,) by raising pH from 6 to 9. The confor-
mational fluctuation dynamics of the native sample does not
seem to depend dramatically on the protonation state of
His64.

DISCUSSION

Although the tertiary structure of Zn-Mb has not been
determined yet, there have been a few experimental results
providing information about the structural properties of
Zn-Mb. Our previous measurement of the circular dichro-
ism spectrum of Zn-Mb has shown that the Zn substitution
results in no drastic alteration in the secondary structure
(Shibata et al., 1998). We have also shown that the tertiary
structure of Zn-Mb is maintained after the Zn substitution
from the observation of its rotational-relaxation process
(Shibata, 1997). Furthermore, Raman-scattering data have
clearly indicated a similar five-coordinate state of the Zn
atom in Zn-Mb to that of the Fe atom in deoxy-Mb, despite
a slightly weaker coordination of the proximal His for
Zn-Mb (Feitelson and Spiro, 1986). Here, accordingly, we
assume similar heme-pocket conformations between de-
oxy-Mb and Zn-Mb and proceed to the following discussion.

An x-ray diffraction study on mutants has shown that the
mutation His64— Leu results in removal of a water mole-
cule, which is hydrogen-bonded to the distal His in the
native deoxy-Mb (Quillin et al., 1993). This water molecule
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has been considered to partially contribute to determine the
association rate of ligand molecules (Carver et al., 1990;
Uchida et al., 1997). It is also inferred that the conforma-
tional inhomogeneity of residue 64 is largely reduced by
this mutation. This is because the substituted Leu with
aprotic characteristics assumes only one conformational
state regardless of pH, whereas the intact His residue as-
sumes two distinct conformations due to the different pro-
tonation states, and the population of these two states is pH
dependent. The pH-dependent conformation of His64 of Mb
has been observed clearly by Yang and Phillips (1996) in
their x-ray diffraction study. This pH-dependent conforma-
tional change in His64 has been explained quantitatively in
the case of MbCO (Miiller et al., 1999). A recent atomic-
resolution diffraction study has also shown that deoxy-Mb
exhibits two different conformations of His64 with equal
occupancies at neutral pH (Vojtéchovsky et al., 1999).
These two conformations may correspond to the low-pH
and neutral-pH conformations observed by Yang and Phil-
lips. These experimental results thus have given clear evi-
dences for a loose characteristic of His64.

Whether the hydrogen-bonded water molecule moves
with the distal His according to its conformational change is
ambiguous at present. Yang and Phillips (1996) has mod-
eled that the water molecule moves with the distal His upon
its conformational change caused by the pH change. Vojtvé-
chovsky et al. (1999), on the other hand, has put the water
molecule at one position although they modeled the distal
His to assume two distinct conformations. Thus, it is not
clear in their model whether the water molecule moves with
the His64 residue.

As shown in Figs. 3 and 5, the present study has revealed
a drastic reduction of the inhomogeneous broadening and
the amplitude of the temporal shift of the THB spectrum
upon the mutation of His64—Leu. The native sample
shows a broader and rather asymmetric Q-band absorption
profile, whereas the H64L-mutant sample shows a much
sharper one with almost complete symmetry. These results
suggest that in the H64L mutant the conformational disorder
around the position-64 residue is substantially suppressed.
This leads us to infer a strong relation between the observed
process in the TRTHB experiment and the motion around
the distal histidine in the case of the native samples. On the
other hand, we can say here that the contribution of the
motion of the proximal side to the observed process is, even
if it exists, very small, despite the strong interaction through
the direct covalent bond. This is consistent with the analysis
of Vojtéchovsky et al. (1999) suggesting a more rigid char-
acter of the proximal side. Their analysis of anisotropic
disorder of atoms has suggested that the proximal F helix
can be well described by a single rigid-body group, contrary
to the case of the more flexible E helix.

The interconversion of His64 between the two distinct
conformations observed by the above described x-ray dif-
fraction studies seems to be a plausible candidate for the
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origin of the inhomogeneous broadening and the temporal
shift of the THB spectrum of the Zn-Mb sample. This
interpretation seems also consistent with the pH-dependent
shift of the absorption spectrum of Zn-Mb taking place in
the pH region between 5 and 7. As observed by Miiller et al.
(1999), in the pH region between 5 and 7, both the proton-
ated and the unprotonated states of His64 and His97 coexist,
and the population of each state depends on pH. Therefore,
in this pH region, the change in the population of the
protonation states of His64, and possibly together with that
of His97, may cause the shift of the absorption spectrum
with varying pH. Above pH 7, the unprotonated state of
both histidine residues dominates, and then the absorption
spectrum becomes no longer sensitive to pH.

The above interpretation seems to be successful in giving
a qualitative explanation of the present results. However, a
more careful inspection of the data reveals that the above
interpretation does not explain well the experimental results
on a quantitative level. If the interconversion of His64
between its protonation states is the main source of the
inhomogeneous broadening, the width of the absorption
spectrum is expected to significantly broaden more in the
pH region 5-7 than outside this pH region due to the
coexistence of distinct protonation states of His64. As
shown in Fig. 2 b, however, the increase of o,,, upon
lowering pH from 8 to 6 is only a few cm™ ', that is much
smaller as compared with the ~30-cm ™' shift of the ab-
sorption upon the same pH change. Thus, only a slight
broadening of the absorption width upon a pH change from
8 to 6 suggests that although the conformational intercon-
version of His64 indeed has an influence on the absorption
spectrum, it has only a minor contribution to broaden the
absorption width. The above interpretation also leads to an
expectation that the temporal shift of the THB spectrum is
largely reduced at a high pH of 9 where the unprotonated
state of His64 dominates. This again contradicts to the
experimental results as shown in Fig. 7. Accordingly, we
suppose here that the absorption shift with varying pH is
dominantly induced by a continuous alteration of the con-
formation around Zn-PP upon pH change, which partly
results from the protonation-state change in His64 and
His97.

As discussed above, here we conclude that the confor-
mational disorder of His64 is only the minor source of the
inhomogeneous broadening of Zn-Mb. Here, we tentatively
propose an alternative postulate that the positional and
rotational fluctuations of the water molecule hydrogen-
bonded to the distal His is the main origin of the inhomo-
gencous broadening. A large dipole moment of a water
molecule implies that its rotational fluctuation is likely to
have a strong influence on the electronic state of Zn-PP. It
is also possible that in the distal pocket there exist several
water molecules other than that attached to His64, although
they are not observed in the x-ray diffraction studies due to
the disorder. Such sequestered water molecules would
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seem, if they actually exist, likely to have a substantial
contribution to the inhomogeneous broadening. This expla-
nation is consistent with the two important findings of the
present experiment: 1) that a largely reduced inhomoge-
neous broadening is observed for the H64L mutant in which
the water molecule attached to the residue 64 is excluded
and 2) that there is no evident pH dependence of the
inhomogeneous broadening and of the temporal behavior of
the THB spectrum for the native samples. This water mol-
ecule remains in the pocket regardless of the protonation
state of the distal His, and then the present interpretation is
consistent with the second experimental finding. This water
molecule is known to play an important role in determining
the association rate of a ligand molecule (Carver et al.,
1990; Quillin et al., 1993; Uchida et al., 1997). It has also
been suggested to contribute crucially to preserve the con-
formational flexibility of Mb (Sastry and Agmon, 1997).
Hence, the motion of this water molecule within the heme
pocket has a crucial importance in the function of Mb.

The amplitude of the temporal shift of c(#;) at 240 K
amounts to ~60 cm ™' and 20 cm ™" for the native and the
H64L-mutant sample, respectively. With an assumption that
the 20-cm ™' shift of the THB spectrum for the H64L-
mutant sample comes purely from the motion of the protein
matrix, the residual ~40-cm ™' shift for the native sample is
expected to be induced by the motion of the water. By
assuming the dipole-dipole interaction between the chro-
mophore and the water molecule, we can evaluate the shift
of the transition energy Av induced by the rotation of the
water molecule in the distal pocket as

moAp 1

S|~ ¥ ®
Here, € is the permittivity in vacuum, /4 is Planck’s constant,
c is the velocity of light, w; o is the dipole moment of a
water molecule, Ap is the difference of the static dipole
moment between the excited and ground state of the chro-
mophore, and R is the water-chromophore distance. Ay of
Zn-PP in Mb has been evaluated to be on the order of 0.5 D
from the Stark-effect study of the absorption spectrum (un-
published result). The dipole moment of a water molecule is
~2 D, and the water-chromophore distance is estimated to
be ~3.5 A (Vojtéchovsky et al., 1999). Putting these values
into Eq. 6, Av is estimated to be ~19 cm™'. This value is
roughly on the same order as that of 40-cm ™' shift of the
THB spectrum attributed to the water motion. A part of the
deviation is possibly due to the invalidity of the dipole-
dipole interaction between very closely located molecules,
which may interact more strongly than the dipole-dipole
coupling.

There is a somewhat unusual aspect in the present inter-
pretation of the water-motion-induced inhomogeneous
broadening. If this interpretation is true, the previously
observed strong correlation between solvent viscosity and
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the time scale of the temporal variation of the THB spec-
trum (Shibata et al., 1999) requires a strong coupling be-
tween solvent viscosity and the motion of the internal water
within the distal pocket. Investigations of the solvent effect
on the ligand-rebinding kinetics of Mb have shown, on the
other hand, that the geminate-rebinding kinetics, which is an
internal process within the protein matrix, is almost inde-
pendent of viscosity, whereas the bimolecular process is
highly viscosity dependent (Beece et al., 1980; Kleinert et
al., 1998). As compared with this observation, it is an
unusual point of the present interpretation that a completely
internal process of the water motion within the pocket is
strongly coupled with solvent viscosity. This can be ex-
plained by assuming that such fluctuations of the internal
water are coupled with the global conformational fluctua-
tion of protein, which is viscosity dependent.

Barboy and Feitelson (1987, 1989) have estimated the
diffusion rate of various molecules through the Zn-Mb
matrix from the measurement of the quenching rate of the
triplet state of Zn-porphyrin by these molecules. From the
analysis of the temperature dependence of the diffusion rate,
they have estimated the activation energy of the diffusion
through the protein matrix. Their analysis has shown that
the activation energies are almost same for the different
molecules within the experimental error, despite different
molecular sizes. They have concluded from this observation
that the rate-limiting step of the diffusion of a small mole-
cule through the Mb matrix is the conformational change
that opens the pathway for the diffusion. Their conclusion is
quite compatible with our interpretation drawn here. It is
likely that the water molecule can migrate within the distal
pocket only when steric hindrances are removed by the
conformational fluctuation of the protein matrix. In this
case, the water molecule can be regarded as a sensitizer of
the conformational fluctuation of the protein matrix. Possi-
bly, involvement of the entrance and exit processes of the
water molecule in the observed dynamics may also contrib-
ute to the observed strong coupling between solvent viscos-
ity and the fluctuation time scale.

The conclusions drawn here rely crucially on the assump-
tion of similar structure and dynamics of Mb in a solution
phase and in a crystalline phase. This problem has been
debated for a long time (Srajer et al., 1996; Nienhaus et al.,
1998). We should always consider the possibility that the
fluctuation dynamics of a protein in an aqueous solution is
significantly different from that in a crystal. The lack of the
crystal-structure determination of Zn-Mb is also a serious
deficiency of the present analysis. From these viewpoints,
determination of the crystal structure of Zn-Mb and com-
parison of the fluctuation dynamics between a solution
sample and a crystal sample is an important future problem.
Furthermore, systematic investigations of the TRTHB
method on various mutants are also an important future
problem, which will help to validate the present conclusion.
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