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ABSTRACT: Protein dynamics observed by the transient grating (TG) method are studied for some site-
directed mutants at the distal histidine of myoglobin (H64L, H64Q, H64V). The time profiles of the TG
signals are very sensitive to the amino acid residue of the 64 position. It was found that the sensitivity is
mostly caused by the different rates of the ligand escape from the protein to solvent and the magnitude
of the molecular volume change. Several molecular origins of the volume difference between MbCO and
Mb, such as the electrostatic interaction in the distal pocket, movement of helices, and distal water, are
proposed. Interestingly, the volume difference between the CO-trapped Mb inside the protein interior and
Mb is similar to that of the partial molar volume of CO in organic solvent. The effect of mutation on the
nature of the CO trapped site is discussed.

1. INTRODUCTION

The protein dynamics accompanied with the photodisso-
ciation of carboxymyoglobin (MbCO) has been a typical tar-
get for elucidating the relationship between protein structure
dynamics and function for a long time (1-5), because the
protein motion of myoglobin plays very important roles in
the ligand dissociation-association process. According to
X-ray crystallographic data of deoxyMb, MbCO, and MbO2,
it was suggested that the transient channel formed by protein
motion should be essential for the ligand to move between
the protein interior and the solvent (6-8). To detect the
protein motion, various spectroscopic methods, such as time-
resolved IR (9, 10), CD (11), Raman (12-14), and visible
absorption detection (1, 15-23), have been used for studying
the photodissociation reaction of MbCO. Time-resolved
resonance Raman scattering and visible absorption studies
have revealed many kinetics of this reaction (12-21). These
signals are rather sensitive only for the local structural change
around the chromophore (heme). In this paper, we focus our
attention on the dynamics of more global protein structure
after the photodissociation of CO for several site-directed
mutants at the distal histidine using the time-resolved
transient grating (TG) and photoacoustic (PA) techniques.

It has been known that the TG and PA methods are
powerful methods to study the global structural changes
during chemical reaction by monitoring the volume changes
(∆V) and the enthalpy changes (∆H) (24-32). Peters and
co-workers studied∆H and ∆V of the photodissociation
reaction of MbCO by the PA method under an assumption
that the volume change does not depend on temperature (31).

They observed a fast (<10 ns;∆H ) 3.4 kJ mol-1 and∆V
) -9.0 cm3 mol-1) and slow (∼700 ns at 20°C; ∆H ) 42
kJ mol-1 and∆V ) 5.1 cm3 mol-1) dynamics and interpreted
the observed∆H and∆V in terms of the salt bridge breaking
and reformation. Miller and co-workers investigated the
structure change of Mb using the TG technique and observed
an anisotropic structural change (29). They concluded that
the structure change completes within 5 ps after the photo-
excitation. We studied∆H and ∆V in a range of tens of
nanoseconds to a few milliseconds by the TG and PA
methods quantitatively. We determined∆H and∆V without
any assumption for the first time and found that the values
are different from the previously reported ones by the PA
method (26, 27). For example, the volume changes are
initially contraction of 5 cm3 mol-1 within 10 ns and
expansion of 12 cm3 mol-1 with a lifetime of 700 ns at 20
°C in a case of sperm whale (SW) MbCO (27). The enthalpy
differences of the first and the second intermediate species
from the original species (MbCO) are 70 and 62 kJ mol-1,
respectively. We and Dadusc et al. also clearly attributed
the 700 ns-dynamics (at 20°C) to the ligand (CO) es-
caping process from the protein part (27, 28). Although the
global structural dynamics was detected clearly by these
studies, the molecular origin of the volume change is less
clear.

In the previous study, we interpreted the observed∆H and
∆V in terms of the movement of the helices and the CO
escaping from the protein interior (26, 27). Although they
are very plausible origins of∆H and∆V, there are several
other factors we should examine. One of them is a role of
distal water, which is hydrogen bonded to the distal His
(His64) in five-coordinate deoxyMb (2, 33, 34). A water
molecule could enter the protein interior after the ligand
escapes from the ligand-binding site (2, 23), and this process
may change the protein volume. The electrostatic interaction
between the bound CO and the distal pocket, which is shown
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by previous Raman (12, 13, 35), IR (36), and MD simulation
(37) studies using the distal pocket polarity dependence of
the CO stretching frequency, could be also important to
consider the origins of volume change, because the produc-
tion of free CO after the photodissociation is expected to
cause the disappearance of the interaction (37) and the global
structure change. Peters and co-workers interpreted the
volume change in terms of the breaking and forming of the
salt bridge between Arg45 and heme propionate side chain
(31).

Site-directed mutation technique has been utilized with
various spectroscopic experiments to help uncover the role
of a specific amino acid residue in the overall structural
dynamics (2, 12-14, 18, 19, 22, 31, 34, 36). To reveal the
possible contribution described above, we focused our
attention on the role of the distal His (His64; Figure 1),
because this residue is associated with distal water (33), the
electrostatic interaction between CO and the distal pocket
(35-37), the salt bridge, and close-opened form of Mb (8,
13, 31). The X-ray study by Quillin et al. showed that the
distal water, which can be clearly observed in wild-type
deoxyMb, is absent in deoxyMb mutants in which His64 is
replaced by the other amino acids such as Leu and Gln (33).
Previous flash photolysis studies suggested that the distal
water plays a key role in determining the energy barrier for
the ligand binding from the comparison of the recombination
kinetics of WT-MbCO with that of His64-replaced MbCO
(2, 23). IR and Raman studies (13, 35, 36) as well as an
MD simulation study (37) led a conclusion that the electro-
static interaction in the distal pocket of MbCO is very
sensitive to the polarity of residue 64. Hence, substitution
of distal His with other amino acids and comparison of their
structural dynamics should provide clues to consider the
origins of volume change related to the above expectation.

In this study, we investigate the structural change of some
site-directed mutants of SW-Mb, in which the His64 (distal
His) was replaced by Leu (H64L), Val (H64V), and Gln
(H64Q). We found that the time profiles of the TG signals
are very sensitive to the amino acid at this position, and
discussed the role of the His64 of SW-MbCO in the

photodissociation process from a point of the volume and
the enthalpy changes associated with this reaction.

2. PRINCIPLE

To detect the global structural change and measure∆H
and ∆V after the photoexcitation of MbCO, we used the
TG-PA hybrid technique. The method was described in detail
previously (24-27). Here, we briefly summarize the principle
of the TG and PA and how to determine∆H and∆V.

In the TG method, two coherent laser pulses were crossed
in a sample to create the interference pattern of the light
intensity. Any photophysical and photochemical process
induced by the interference pattern creates spatially modula-
tion of the refractive index and the absorption. These
modulations diffract a probe beam in the direction that
satisfies the Bragg condition (TG signal). Under the weak
diffraction condition, the intensity of the TG signal (ITG) is
given by eq1 (38)

whereR and â are constants, andδn(t) and δk(t) are the
peak-null difference of the refractive index and the absor-
bance, respectively. The time profile of the TG signal
represents variety of dynamics such as the energy relaxation,
the thermal diffusion, the kinetics of the excited states,
chemical reaction, and mass diffusion. Under the present
experimental conditions, the refractive index change (δn)
consists of two contributions: the thermal grating (δnth) and
the species grating (δnspe) (24). The thermal grating is caused
by the thermal energy due to the nonradiative transition
and the enthalpy change of a reaction. When the thermal
energyQ(t) is released, the time profile of the thermal grating
(δnth(t)) is given by

wheredn/dT is the refractive index change by the temperature
variation of the solution,Cp is the heat capacity (JK-1 mol-1),
W is the molecular weight (g/mol),F is the density (g/cm3)
of the solvent,Dth is thermal diffusivity (m2 s-1), q is the
magnitude of the grating vector (m-1) and X denotes the
convolution integral. For example, the photodissociation
process of MbCO has two steps in thermal energy releasing;
the thermal energy ofQf andQs is released within the pulse
width and with a time constant ofτs, respectively. In this
case,δnth(t) can be written as

The species grating (δnspe) is created by the refractive index
change due to the creation or depletion of chemical species.
If the concentration of the chemical species are constant
during the observation time, the time profile of the species
grating (δnspe) is given by ref24

FIGURE 1: The structure around heme of sperm whale MbCO (32).
CO is bound to heme iron at the distal side of heme. The atomic
coodinates were obtained from the protein data bank (PDB).

ITG(t) ) R(δn(t))2 + â(δk(t))2 (1)

δnth(t) ) [(dn/dT)(W/FCp)][(dQ(t)/dt)X exp(-q2Dtht)]
(2)
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τth
) +

Qs(1 -
τs

τth
)-1

exp(- t
τs

)} (3)

δnspe(t) ) ∑
i

δnspe
i exp(- Diq

2t) (4)

4838 Biochemistry, Vol. 41, No. 15, 2002 Sakakura et al.



whereDi is the diffusion coefficients of the speciesi and
δnspe

i is the refractive index change due to the presence of
the speciesi. In the species grating term, there are two
contributions: one comes from absorption change (the popu-
lation gratingδnpop), and the other is due to the molecular
volume change (the volume gratingδnV).

To determine∆V of the reaction, we sometimes used the
photoacoustic (PA) method, which detects a pressure wave
created by the thermal expansion and molecular volume
change. When the time profiles of the volume change and
thermal releasing are written by∆V(t) (cm3 mol-1) andQ(t)
(J/mol), the intensity of the PA signal can be written as
follows (24-27, 31):

whereA′ is a proportional constant, which is determined by
both the sensitivity of the apparatus and the experimental
condition,g(t) is an instrument response function, andRth is
the thermal expansion coefficient. Once we determine the
thermal energy by the TG method, we can determine the
volume change by subtracting the thermal contribution from
the PA signal.

3. EXPERIMENTAL SECTION

Setup for TG and PA Experiment.In the TG measurement,
a laser beam from the second harmonics of a Nd:YAG laser
(Spectra Physics, GCR170;λ ) 532 nm; pulse width∼ 10
ns) was split into two with a beam splitter and crossed in
the sample by a lens (focus length) 20 cm) to create the
transient grating. The transient grating was detected as a
diffraction of a CW probe beam (diode laser; SDL-5411-
G1, 840 nm) that was lead into the transient grating region
with the angle satisfying a Bragg condition. The diffracted
beam (TG signal) was detected by a photomultiplier after
passing a pinhole (24-27). For a high wavenumber TG
experiment, the two excitation beams were focused by
separated lenses (focus length) 20 cm) to achieve a large
crossing angle (∼50°) (39).

For the PA experiment, the pressure wave produced by
photoexcitation of the sample by the second harmonics of
the Nd:YAG laser was detected by a piezoelectric transducer
(PZT) (24, 26, 27). The TG and PA signals were averaged
by a digital oscilloscope (Tektronix TDS-520 or Tektronix
2430A) and a microcomputer. Both for the TG and PA
experiments, malachite green (40) solved in distilled water
was used as a calorimetric reference.

To control the temperature of the sample, the sample cell
was placed in the metal cell holder, and the methanol was
circulated around the cell holder by a thermostated bath
(Lauda RLS6-D). The temperature of the sample was
monitored by a thermocouple wire and a digital voltmeter.

Sample Preparation.Site-directed mutagenesis of recom-
binant Mb at the position of 64 was carried out by the
polymerase chain reaction (PCR) based technique with pUC
vector containing the sperm whale Mb gene as a template.
The wild type and mutant Mbs (H64L, H64V, and H64Q)
were expressed byEscherichia colistrain TB I and purified
by the same method as reported (41). By adding 10 mM
Tris-HCl buffer, the final sample concentration was adjusted

to nearly 0.4 mM. For preparation for MbCO, met Mb
solution in 10 mM Tris-HCl buffer was filtered to remove
small particles by a membrane filter, and was sealed in a 2
mm path length quartz cell with a rubber septum. Mb was
reduced by sodium dithionite after passing N2 for 30 min
through the sample cell, and CO was passed over for 1 h to
yield the CO form. The spectrum of the sample was checked
before and after the experiment by the UV-visible spec-
trometer (Shimazu UV-2500 PC) to confirm that MbCO did
not convert to other compound.

4. RESULTS

In this paper, we study the volume and enthalpy changes
after the photodissociation reaction of CO from the heme
for the site-directed mutants at the residue 64. Although the
TG signal of the wild type (WT) SW-MbCO was described
and analyzed in detail in the previous paper (27), we first
briefly summarize the features here for a comparison purpose
with the TG signal of the mutants.

4.1. WT SW-MbCO.Figure 2 a shows the TG signal of
SW-MbCO in 10 mM Tris buffer at 20°C. The signal rises
within a pulse width and is followed by two decay-rise
components. The first decay-rise component has a lifetime
of 700 ns at 20°C. The decay-rise feature comes from the
destructive interference between the 700 ns component and
components with much longer lifetimes. The signal intensity
at the bottom of the interference dip represents the amplitude
of the grating due to the absorption change (δk). We have
attributed the 700 ns kinetics to a volume change as well as
a heat releasing process. The following decay-rise component
from 10-6 s to 2× 10-5 s was attributed to the destructive
interference between the thermal grating (δnth) and the
species grating (δnspe). The time constant of this kinetics is
determined byDthq2. The destructive interference indicates
that the signs ofδnth and δnspe are opposite. The slowest
decay component in submillisecond time scale can be
expressed by a biexponential function; the faster component
was attributed to the diffusion of the photodissociated CO,
and the slower one was assigned to the diffusion of Mb and
the recombination process of CO to Mb. The decay rate is
about the same as the recombination rate (krec) observed in
a transient absorption becauseDMbq2 (DMb: the diffusion
constant of Mb) is much smaller thankrec under this
condition. The TG signal in this whole range was fitted by
the following equation:

where δns, δnth, δnCO, and δnMb are the refractive index
changes due to the 700 ns kinetics, heat releasing, CO, and
Mb, respectively, andδkspe is the absorption change. In
summary, two kinetics of volume and enthalpy changes can
be observed in the TG signal of WT-MbCO; the faster ones,
which occur within a pulse width, are denoted by∆Hf and
∆Vf, and the slower ones with a lifetime of several hundred
nanoseconds are denoted by∆Hs and∆Vs, respectively.

From the amplitude ofδnth, the released thermal energy
was determined to be 159 (( 20) kJ mol-1. Since the
quantum yield for the photodissociation of WT-MbCO is

IPAS(t) ) A′(d∆V(t)/dt +
(d∆Q(t)/dt)W

FCp
Rth) X g(t) (5)

ITG(t) ) R[δns exp(-kst) + δnth exp(-Dthq
2t) +

δnCO exp(-DCOq2t) + δnMb exp(-krect)]
2 +

â(δkspeexp(-krect))
2 (6)
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0.96 (17), the enthalpy change during the process of MbCO
f Mb+CO should be∆H ) 70 (( 20) kJ mol-1. The
analysis of the 700 ns dynamics at 20°C has shown that the
volume change and enthalpy change during this process are
∆Vs ) 12 (( 1) kJ mol-1 and ∆Hs ) 8 (( 5) kJ mol-1,
respectively.

From the PA measurement (Figure 3 a), the volume change
during the process of MbCOf Mb+CO was determined to
be ∆Vtotal ) 7 (( 3) cm3 mol-1. Therefore, the volume
change within a pulse width was determined to be∆Vf )
-5 (( 3) cm3 mol-1.

4.2. H64L.The photodissociation process of H64L-MbCO
was studied by Carver et al. using the transient absorption
(TA) method (18). According to their study, the quantum
yield of the geminate recombination of H64L-MbCO is 39%
and the geminate recombination kinetics is expressed by a
biexponential function with lifetimes of 50 ns (28% ampli-
tude in the total signal intensity) and 420 ns (11%) at 20
°C. This biphase dynamics was explained by the four-state
model of the dissociation. The rate of the bimolecular
rebinding of CO to Mb is much faster than that of
WT-MbCO. The data are used for the analysis of the TG
signal.

Figure 2b depicts the TG signal of H64L in 10 mM Tris
buffer at 20 °C. Initially, the signal rises with a system
response time constant, followed by a slow rising component
with 50 and 400 ns lifetimes. The intensity of this slow rising
component is much smaller than that of WT-MbCO. The
signal decays to the baseline with roughly a biexponential

function. Since the faster decay rate constant agrees well
with Dthq2 under this experimental condition, this component
is reasonably attributed to the thermal grating. The slower
decay rate is close to the decay rate of the TA signal and
the rate depends on the CO concentration. Hence, this
dynamics represents the bimolecular recombination process
of H64L-Mb and CO. This rate is about 50 times faster than
that of WT-MbCO, and it agrees well with the value reported
previously (18).

It should be noted that the thermal grating component
(δnth) and the species grating component (δnspe) of H64L-
MbCO is constructively interfered, whereas the interference
between these components for WT-MbCO was destructive
as described in the previous section. This constructive
interference means that the sign ofδnspe is negative (i.e.,
same as that ofδnth) for H64L. As described in the principle
section, there are two contributions inδnspe; population and
volume gratings. The sign of the population grating is
expected to be positive from the absorption spectra of MbCO
and Mb (26, 27). Indeed,δnspe of WT-MbCO is positive
because of this contribution. Therefore, the negativeδnspe

for this mutant should be due to the large negative contribu-
tion of the volume term; that is, the molecular volume change
just after the photodissociation is the volume expansion
instead of volume contraction for WT-MbCO, because
volume expansion induces negative refractive index change
(δnV). If we assume thatδnpop of H64L is the same as that
of WT-MbCO, molecular volume change is calculated to be
22 cm3 mol-1. This value agrees quite well with that

FIGURE 2: The dotted lines represent the observed TG signals after the photodissociation of (a) WT, (b) H64L, (c) H64V, and (d) H64Q
sperm whale MbCO in 10 mM Tris buffer (pH) 7) at ambient temperature. The grating wavenumbers of the signals are (a)q ) 9.7× 105

m-1, (b) 10.3× 105 m-1, (c) 9.11× 105 m-1, and (d) 8.66× 105 m-1. The best fitted signals are represented by solid lines. The decaying
signal represented by open circles in panel a is the TG signal of malachite green (MG) in aqueous solution measured under the same
condition.
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measured by using the PA method independently as de-
scribed later in this section.

The observed signal in the whole observation range can
be reproduced well by eq 7

Here some of the lifetimes (50 ns, 420 ns,Dthq2, andkrec)
were fixed during the least-squares fitting of the TG signal
to reduce the number of adjustable parameters and to avoid
the fitting ambiguity. These rates we used were determined
independently from the geminate recombination kinetics
measured by the TA method (50 ns, 420 ns, andkrec) (18)
and from the decay rate of the thermal grating signal of the
calorimetric reference sample (Dthq2). The preexponential
factors for the amplitude grating components were also fixed
in the same way. From this fitting, the ratio of the refractive
index changes for the two slow rising was found to beδns1:
δns2 ) 28:11. This ratio is the same as the ratio of the
amplitude grating and the TA signal. This fact indicates that
the refractive index change of this component is mainly
determined by the population grating component and,
therefore, volume changes during the 50 and 420 ns
dynamics are negligible.

Comparing the thermal grating intensities of H64L with
that of MG (calorimetric reference), we found that the

thermal energy of 191 kJ mol-1 is released by the photo-
dissociation. Since the quantum yield of the dissociation is
0.61 (18), the enthalpy difference between MbCO and
Mb+CO for H64L is∆H ) 61 (( 17) kJ mol-1.

The PA signal of H64L in the buffer and MG in water at
22 °C under the same conditions are shown in Figure 3b.
We could not observe any temporal shift of the PA signal
of H64L compared with the calorimetric reference sample.
This fact implies that the acoustic wave from the sample is
generated immediately after the photoexcitation. Therefore,
the PA signal intensity of H64L directly reflects the thermal
expansion and the molecular expansion accompanied with
the dissociation reaction. From the comparison of the PA
signal for H64L-MbCO with that of MG, it was found that
the amplitude of the PA signal for MbCO corresponds to
volume expansion of 24.5 cm3 mol-1 at 22°C. Subtracting
the thermal volume expansion contribution of 191 kJ mol-1

determined by the TG measurement, one obtains the mo-
lecular volume contribution of 14.3 cm3 mol-1. By using
the quantum yield of the photodissociation (φ ) 0.61) (18),
the volume expansion from MbCO to Mb+CO for H64L
was determined to be 23.4 cm3 mol-1. It should be noted
that this expansion takes place within 20 ns after the
photoexcitation.

The volume and the enthalpy changes for H64L are sum-
marized in Table 1.

4.3. H64V.The TA signal from 20 ns to a few milliseconds
after the photoexcitation of H64V is almost perfectly
expressed by a single-exponential function with a lifetime
around 200 ms, which depends on the CO concentration of
the solution (19, 42). The absence of the geminate recom-
bination kinetics in the signal indicates that almost all of

FIGURE 3: The PA signals of (a) WT, (b) H64L, (c) H64V, and (d) H64Q sperm whale MbCO in buffer at ambient temperature (solid line).
The dotted line in each figure is the PA signal of reference (MG in aqueous solution) under the same condition.

ITG(t) ) R[δns1 exp(- t
50 ns) + δns2 exp(- t

420 ns) +

δnth exp(-Dthq
2t) + δnspeexp(-krect)]2 +

â[ 1
0.61

δkspe(0.28 exp(- t
50 ns) + 0.11 exp(- t

420 ns) +

0.61 exp(-krect))]2 (7)
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the photodissociatied CO escape to the solvent. This inef-
ficient geminate recombination should be due to a very slow
geminate recombination or due to a fast CO escaping rate
from the heme pocket. The overall bimolecular recombina-
tion rate is about three times faster than that of WT-MbCO
(19, 42).

The TG signals of H64V in the buffer at 21.5°C are shown
in Figure 2c. The signal rises initially very fast and then
slowly with two lifetimes of 50 and 360 ns. This feature is
similar to that of H64L. The signal decays to the baseline
continuously. This decay profile was reproduced well by
three exponential functions. Since the faster decay rate
constant agrees well withDthq2 under the present experi-
mental conditions, this component is due to the thermal
grating. In contrast to H64L, the fitting of the slower decay
profile after the thermal diffusion requires two exponential
functions. We found that the faster decay rate agrees well
with DCOq2. The slower decay rate is close to the decay rate
of the TA signal, and the rate depends on the CO concentra-
tion. Hence, the faster dynamics represents the molecular
diffusion of CO, and the slower dynamics must represent
the bimolecular recombination of Mb and CO. The TG signal
should be reproduced by

From the amplitude of the thermal grating signal, the
released thermal energy is determined to be 155 (( 20) kJ
mol-1. Using the quantum yield of dissociation after the
photoexitation (1.0) (19, 42), one obtains the enthalpy
difference between MbCO and Mb+CO of H64V to be∆H
) 72 (( 20) kJ mol-1. Since no slow rising component is
observed in the TA signal, the slower rise process with 360
ns observed in the TG signal should be spectrally silent
dynamics and must come from the thermal energy releasing
or the volume change. The amplitude of this component is
much smaller than that of WT-MbCO, and it corresponds to
the volume expansion of 2.2 cm3 mol-1.

The PA signals of H64V-MbCO in the buffer and of MG
in water at 23.5°C are shown in Figure 3c.∆V for H64V-
MbCO was determined by the same procedure as that for
H64L. The amplitudes of the PA signals for H64V-MbCO
and MG are plotted against the excitation laser power. From
the ratio of the slopes, the PA signal of H64V-MbCO was
found to correspond to a volume expansion of 28.5 cm3

mol-1 at 23.5°C. Considering that the thermal energy of

155 kJ mol-1 is released, the molecular volume contribution
is 19.6 cm3 mol-1. Using φ ) 1.0 for H64V-MbCO (19,
42), the volume change after the photodissociation of H64V-
MbCO was determined to be∆V ) 19.6 (( 1.2) cm3 mol-1.

The volume and the enthalpy changes for H64V are
summarized in Table 1.

4.4. H64Q. The kinetics monitored by the transient
absorption method of H64Q-MbCO is very similar to that
of WT-MbCO. The geminate rebinding rate is about 200
ns, and the rate of the bimolecular recombination is about
twice faster than that of WT (19).

The TG signal of H64Q shown in Figure 2d is also very
similar to that of WT-MbCO. Therefore, it can be fitted by
eq 6. The initial slow rising component with a time constant
of about 850 ns represents the molecular volume change and
the heat releasing. The amplitude of this component corre-
sponds to 9.5 cm3 mol-1, which is almost same as that of
WT.

The PA signal of H64Q is shown in Figure 3d. The PA
amplitude is larger than that of the reference sample, which
indicates that the volume change of H64Q-MbCO is larger
than that of WT. From the amplitude and the enthalpy change
determined by the TG signal, the total volume change after
the photodissociation of H64Q-MbCO is 12.5 cm3 mol-1.
Since the volume change with the time constant of 850 ns
is 9.5 cm3 mol-1, the volume change within the pulse width
was determined to be 3 cm3 mol-1.

5. DISCUSSION

5.1. Volume Change after the Ligand Escape.In this study,
we found that the time profiles of the TG signals strongly
depend on the amino acid residue at the position 64. This
dependence mainly comes from the different rates of sub-
microsecond kinetics and the magnitude of the volume
changes. The photodissociation of CO from the heme occurs
within the excitation pulse (15, 16). Previously, we have
shown that the sub-microsecond kinetics represents the ligand
escape process from the protein interior to the solvent. Hence,
the species just after the excitation laser pulse is an
intermediate species (Mb:CO), in which the CO is still inside
the protein. The volume change of the faster process (∆Vf)
represents this volume difference between the initial MbCO
and the intermediate state Mb:CO. As shown in Figure 4,
∆Vf is negative for WT (-5 cm3 mol-1) and small positive
for H64Q (+3 cm3 mol-1), whereas∆Vf for H64L and H64V
is largely positive of about 20 cm3 mol-1. The volume change
associated with the ligand escape process (Mb:COf
Mb+CO) is large volume expansion of about 10 cm3 mol-1

for WT and H64Q, and very small for H64L and H64V.
The total volume changes defined by∆Vtot ) V(Mb) +
V(CO) - V(MbCO) (V(MbCO),V(Mb), andV(CO): partial
molar volumes of MbCO, Mb, and CO, respectively) are 7,
12.5, 23.4, and 19.6 cm3 mol-1 for WT, H64Q, H64L, and
H64V, respectively.

First, we discuss the molecular origins of the volume
changes of the myoglobin part after the ligand escape (∆VMb

) V(Mb) - V(MbCO)). Here we subtracted the contribution
of V(CO) because the partial molar volume of CO is naturally
independent of the protein structure.∆VMb are calculated
from the measured∆Vtot and the partial molar volume of
CO (V(CO) ) 35 cm3 mol-1 (25)), and they are summarized

Table 1: Enthalpies (∆H/ kJ mol-1) and Volume Changes (∆V/ cm3

mol-1) of the Photodissociation of CO from Wild Type and Three
Mutants MbCOsa

wild type H64L H64V H64Q

∆Hf (kJ mol-1) 78 (( 20) 61 ∼72 (( 20) ∼55
∆H (kJ mol-1) 70 (( 20) 61 (( 17) 72 (( 20) 55 (( 10)
∆Vf (cm3 mol-1) -5 (( 3) 23.4 (( 1.2) >17.4 (( 1.2) 3
∆Vs (cm3 mol-1) 12 (( 1) ∼0 <2.2 9.5
τs (ns) at 20°C 700 420 361 (( 20) 850 (( 10)

a ∆Hf and∆H denote the enthalpy difference between MbCO and
intermediate and the final state (Mb+CO), respectively.Hf for H64L
and H64Q cannot be determined accurately because of the signal to
noise.

ITG(t) ) R × (δns1 exp(-ks1t) + δns2 exp(-ks2t) +

δnth exp(-Dthq
2t) + δn1 exp(-DCOq2t) +

δnspe2exp(-krect))
2 + â(δkspeexp(-krect))

2 (8)
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in Figure 4c. In our previous papers (26, 27), we suggested
that the volume change after the photodissociation may result
from the heme doming process and the following movement
of the E and F helices (43). However, it is difficult to explain
the observed mutant dependence of the volume change only
by this contribution. We consider other possible origins of
this volume change.

A number of resonance Raman and IR studies showed that
the frequencies of CO and CO-Fe stretching bands of
MbCO are strongly dependent on pH and the environment
of the distal pocket (12, 13, 35, 36). Initially, the dependence
of the frequencies was attributed to the steric hindrance by
the residues 64 and 68, which are located near the bound
CO. Later, from the experimental data using various model
hemes and mutant Mb, it was concluded that the polarity of
the distal pocket is a main factor in determining the
frequencies; the CO frequencyνCO is correlated with the
polarity and hydrophobicity of the residue 64 (12, 13, 35,
36). For example,νCO of WT (His64) and H64Q, which have
polar residue at the position of 64, is observed in 1941 and
1945 cm-1, respectively, whereas H64L and H64V of
nonpolar residue 64 have higherνCO around 1966 cm-1 (12,
13, 35, 36). Ray et al. explained the correlation betweenνCO

and the polarity of residue 64 in terms of the electrostatic
interaction between the bound CO and the residue 64 (35).
Their explanation is consistent with the MD simulation by

Jawsbury et al., in which they showed that there is a repulsive
interaction between the bound CO and polar residue 64
(His64 and Gln64) but no interaction in H64L (37). This
electrostatic interaction is expected to cause the structural
change after the photodissociation. In fact, Quillin et al. have
reported that the binding of CO to the heme iron induces
significant movements of the residues in the distal pocket
from the high-resolution crystal structures (33). Dissociation
of the CO from the heme pocket decreases the pocket volume
of WT and H64Q. In contrast, there are almost no changes
in the distal pocket of H64L upon CO binding (Figure 3 in
ref 33). (In their report, they attributed the origin of this
difference to the steric repulsion due to His64 and Gln64,
but it is now accepted that this repulsion comes from the
electrostatic interaction (37).) Considering these results, we
speculate that the interaction between the bound CO and the
residue 64 could be the origin of the mutant dependent
volume change ofVMb. Before the photodissociation of CO,
the space of the distal pocket is larger for WT and H64Q
than for H64L and H64V, because of this repulsive electro-
static interaction. Since larger volume for WT- and H64Q-
MbCOs comes from the bound CO, the contraction of the
distal pocket space should occur after the photodissociation.
This contraction is compensated by the volume expansion
caused by the heme doming and E and F helices movement,
which should contribute to WT as well as the other mutants.

FIGURE 4: Volume changes (∆V) after the photodissociation of four MbCOs, which were determined by TG-PA hybrid method. (a)∆V
immediately after the photoexcitation of MbCO (∆Vf), (b) ∆V accompanied with sub-microsecond dynamics (∆Vs), (c) ∆VMb ) V(Mb) -
V(MbCO), and (d)∆VMb:CO ) V(Mb:CO) - V(Mb). V(Mb), V(MbCO), andV(Mb:CO) represent the partial molar volume of Mb, MbCO,
and Mb:CO, respectively.
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Another dynamic related with this structural change is the
salt bridge breaking. It was suggested that His64 swings out
from the protein interior to the solvent and disrupts the salt
bridge between Arg45 and the heme 6-propionate side chain
to form a channel before the CO escape process (18, 44). A
time-resolved Raman scattering spectrum suggests that the
salt bridges of H64L- and WT-MbCO are disrupted quickly
(<10 and 20 ns, respectively) after the photodissociation and
persists until the CO recombination (13). This salt bridge is
observed for WT and H64Q (33), while those for H64L and
H64V are not clear. This salt bridge breaking could explain
the different volume change between the groups of (WT and
H64Q) and (H64L and H64V). However, we have previously
shown that∆VMb of SW-MbCO is similar to horse heart
MbCO, which does not possess Arg45 (27). This similarity
is difficult to understand if the salt bridge breaking between
Arg45 of SW-MbCO and 6-propionate side change causes
a dominant volume change.

Although the difference in∆VMb between (WT and H64Q)
and (H64L and H64V) can be explained by the polarity of
the electrostatic interaction,∆VMb for WT is about 8 cm3

mol-1 smaller than that for H64Q. This fact suggests the
presence of another factor. A plausible origin, which may
cause the volume change, is the entrance of the distal water
into the distal pocket. The X-ray crystallographic data
indicates the presence of a water molecule (distal water) for
the WT-deoxyMb, whereas the distal pocket is vacant for
the other mutants we studied (33). Considering that the initial
volume change (∆Vf) is negative only for WT-MbCO and
positive for the other mutants (Figure 4a), one may reason-
ably speculate that one of the origins of the initial volume
change is related with this distal water as described next.
After the CO is photodissociated from the heme, the CO is
transferred to the first trap site (9, 45). The CO movement
should cause the molecular volume expansion because it
leaves an empty space in the protein. If a water molecule
enters to the heme site as the exchange of the CO, the
molecular volume of water compensates the space creation,
and the molecular volume may not be changed. On the other
hand, if a water molecule does not move to the heme site
(this is a case for the other mutants), the movement of the
CO causes a volume change. This mechanism explains the
observed initial volume changes for WT and the other
mutants. If this explanation is correct, the distal water should
move into the heme site within a few nanoseconds after the
CO escaping from the site, and this fast movement implies
that this water molecule should be initially located inside
the protein interior before the movement. The replacement
of the heme site by the water may be accompanied by the
random thermal motion of the water inside the protein
interior. If we assume that the diffusion coefficient of CO
in protein is not different so much from that in water (Dwater

∼ 3 × 10-9 m2 s-1 (25)), the root-mean-square distance by
the diffusion during 10 ps is 2.4 Å. This distance is probably
long enough compared with the nearest distance between
the heme pocket and a position where the water molecule
was present.

In summary, we consider that the volume difference
between MbCO and Mb is controlled by several factors:
heme doming, the E and F helices movement, disappearance
of the electrostatic interaction between CO and the polar
distal residue, and movement of the distal water. If these

are the all origins of the volume change,∆VMb of H64L and
H64V represents the volume change by the first two
mechanisms (heme doming, the E and F helices movement).
It should be noted that-∆VMb is smaller than the partial
molar volume of CO in solvents. Hence, we consider that
some part of the heme space is reserved even after the CO
escape from the space. The effect of the distal water
movement may appear as the volume difference between WT
and H64Q (volume contraction of about-5 cm3 mol-1). The
contribution of the electrostatic interaction in the heme pocket
explain the volume difference between (WT and H64Q) and
(H64L and H64V) (about-10 cm3 mol-1).

5.2. Nature of CO Trapping Site.Next, to obtain an insight
in the structure of the intermediate state, Mb:CO, we consider
the volume change of Mb:CO from the final state (Mb),
∆VMb:CO ) V(Mb:CO) - V(Mb)() ∆Vf - VMb). Here we
take the final Mb instead of the initial MbCO as the reference
state because of the following reasons. First, we can neglect
the effect of the salt bridge by taking the ligand-dissociated
state as the reference because the salt bridge is broken for
all of the myoglobins at this stage. Second, the effect of the
electrostatic interaction between the distal residue and the
bound ligand can be also neglected. Hence, we can minimize
the effect of the mutation by this choice.

∆VMb:CO can be regarded as the partial molar volume of
CO inside the protein at the trapped site.∆VMb:CO of the
mutants we examined are depicted in Figure 4d. It is
interesting to note that∆VMb:CO for Mb with the nonpolar
amino acid residues at the 64 position (H64L and H64V)
are similar to each other (around+33 cm3 mol-1), and it is
larger than those with the polar amino acid residues (WT
and H64Q) (about+25 cm3 mol-1). The mutant dependent
∆VMb:CO may be explained by either two ways. First, it is
possible that the CO trapped location is different depending
on the amino acid residue at the 64 position. In this case,
the route of the CO escaping process should be controlled
by the distal residue. Second, although the CO trapping site
is the same for the mutants and WT, the partial molar volume
of the CO could be different. In general, a molecular volume
is determined by the intermolecular interaction between the
molecule and the matrix. The smaller partial molar volume
of the CO for the Mb protein with the polar amino acid
residue at the 64 position compared with that with the
nonpolar amino acid residue suggests that the electrostatic
interaction between the CO and the distal residue makes the
CO volume smaller. If this is the case, the CO trapping site
should be close to the distal position or, at least, the molecule
at the position should be influenced by the distal residue.

It is also particularly interesting to note that∆VMb:CO for
Mb with the nonpolar amino acid residues is similar to the
partial molar volume of CO in nonpolar solvent. This fact
suggests that, first, the CO trapping process inside the protein
is similar to the dissolution of CO in organic solvent; that
is, the CO is surrounded by nonpolar amino acid residues
tightly and, second, the CO should move into a position that
was occupied by amino acid residues before the dissociation,
but not into a vacant cavity. Frequently, the CO trapping
site has been discussed with relation to two cavities (46, 47)-
observed by the X-ray crystallographic measurement (48,
49). These cavities are located at the distal side and the
proximal side of the heme, and they are known as Xe binding
sites. The cavity of the distal side is called Xe(4) and that of
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the proximal side is called Xe(1) (50). If the polarity of the
residue 64 determines the environment of the CO trapping
site, Xe(1) seems to be too far from residue 64. In contrast,
Xe(4) is located near the residue 64 enough to affect the
environment of the site. If these Xe sites are vacant cavities
in the Mb interior, the results in this study may suggest that
the Xe sites are not plausible locations for the CO trapping
site. A recent study by Dantsker et al. showed that less
photodissociated CO moves into the Xe sites in H64L-MbCO
than in WT-MbCO. (47) Their study suggests that the
difference in∆VMb:CO could be attributed to the difference
in the yield of CO entrance into the Xe sites. Although we
need further research before the final conclusion whether
Xe(4) and Xe(1) sites are relevant to the ligand storage sites
or not, the information obtained in this work should be
helpful in the understanding of the ligand escape process
from the protein to the solvent.

5.3. Ligand Escape Rate.So far, a number of studies have
been published on ligand recombination kinetics under a
variety of conditions (such as temperatures, pressures, pH)
for MbCO including various mutants (2, 3, 18, 19, 22). These
studies revealed a complex barrier height distribution during
the ligand recombination reaction. On the other hand,
compared with the extensive studies on the recombination
process, information on the ligand escaping process, which
should be very important to seek the relationship between
the protein dynamics and the biological function, has been
very limited, only because this escaping process is very
difficult to detect by a conventional spectroscopy that
monitors the optical transition of the heme. Using the TG
technique, we can now detect the escaping process in time-
domain under various conditions. In the present study, we
found that the escape rate from the protein interior depends
on the site-directed mutation at the His64. When His64 is
replaced by a nonpolar residue such as Leu or Val, the escape
rate increases to around 400 ns. On the other hand, when it
is replaced by a polar residue Q, the rate (850 ns) is similar
to WT-MbCO (700 ns). Therefore, not only∆VMb:CO but also
the escape rate are controlled by the polarity of the residue
64. This result also suggests that the CO trapped site is
different depending on the polarity of the residue 64 or the
nature of the trapped site is sensitive to this polarity. In any
case, the ligand escape process is controlled by the residue
64. This observation again questions the participation of Xe(1)

site as the CO storage site. Studies on this rate under various
conditions will be useful to elucidate the escape route of the
ligand.

CONCLUSION

In this study, we investigated the origins of the volume
change accompanied by the photodissociation process of
MbCO by using the mutants in which His64 is replaced by
Leu, Val, and Gln. We found that the volume change strongly
depends on amino acid residue at position 64 in Mb. We
considered the effect of the heme doming, the E and F helices
movement, electrostatic interaction between the bound CO
and the distal residue, and the movement of the distal water.
We found that the main factor to determine the amplitude
of the volume change is the polarity of the amino acid.
Hence, we suggest that the polar residue at position 64
induces the volume contraction after the photodissociation
of CO from the heme because of the disappearance of the

repulsive electrostatic interaction between the bound CO and
the polar residue 64. In contrast, such a contraction does
not occur in the case of H64L- and H64V-MbCOs, since
the apolar residue at the position 64 has a weak interaction
with the bound CO. Although the difference in volume
between Mb and MbCO comes from mainly the movement
of E and F helices induced by the heme doming, the
contraction effect due to the polarity of residue 64 makes
the volume of Mb smaller for WT and H64Q. The volume
difference between the intermediate (Mb:CO) and Mb (∆VMb:

CO) gave information on the nature of the CO trap site. From
the difference in∆VMbCO between four MbCOs, we conclude
that the polarity of the residue 64 affects the nature of the
CO trap site.
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