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Abstract

The effect of pressure on the heme environment structure of sperm whale and horse heart metcyanomyo-
globins was investigated up to 300 MPa by high-pressure 1H NMR spectroscopy. Pressure-induced changes
in the distances between the observed protons and the heme iron atom were estimated from changes in the
dipolar shift due to the paramagnetic effect on the protons. The changes showed that the heme peripheral
structure as a whole was compressed by pressure; the movements of the protons in the heme peripheral
residues were in the range of +0.16 to −0.54 Å/300 MPa. One-dimensional compressibilities for the protons,
excluding the protons of the distal His residue, were in the range of 1.0 × 10−4 to 6.1 × 10−4/MPa. The
movements of the protons induced by pressure correlated well with the distance between the protons and
cavities in the protein. The distal His residue (His 64) moved toward the outside of the heme pocket, but
remained in the pocket even at 300 MPa. This movement was driven dominantly by a change in the dihedral
angle around the C�–C� rotational bond of the residue. Comparative work on horse heart metcyanomyo-
globin implied that the conformational change of the His 64 imidazole ring was larger in the horse heart
metcyanomyoglobin than in the sperm whale metcyanomyoglobin.
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Myoglobin (Mb) is one of the hemeproteins present in
muscle tissue, which, due to the reversible binding of an
oxygen molecule, acts as an oxygen-storing protein. The
function of Mb is closely related to interactions between a
ligand molecule and the heme peripheral amino acid resi-
dues (Emerson and La Mar 1990a,b; Springer et al. 1994).
Changes in conditions such as pH, temperature, and pres-
sure perturb the heme environment and then influence the

function of Mb. Pressure is an especially valuable pertur-
bation because it can affect the interactions between the
ligand molecule and the peripheral amino acid residues
through a volume change of the system, which is directly
related to the structural change. For instance, the rebinding
kinetics of ligand molecules (e.g., oxygen and carbon mon-
oxide) to myoglobin and hemoglobin are sensitive to pres-
sure (Adachi and Morishima 1989). This means that the
rebinding reaction is accompanied by a significant volume
(structural) change in the system. Therefore, site-specific
analysis of the pressure-induced structural changes in the
heme peripheral amino acid residues is of importance for
understanding the structure-function relationship of the pro-
tein. However, due to the technical difficulty, there have
only been a small number of microscopic studies of the
effect of pressure on protein structures. This research field
has been accelerated recently by some marked improve-
ments in techniques, that is, high pressure NMR with a high
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field magnet (Jonas and Jonas 1994; Jonas et al. 1998;
Akasaka et al. 1999; Inoue et al. 2000; Kitahara et al. 2000,
2001, 2002a,b; Lassalle et al. 2000; Akasaka and Li 2001),
high pressure SAXS with synchrotron radiation (Kato and
Fujisawa 1998; Panick et al. 1998; Fujisawa et al. 1999),
and Fourier transform high-pressure infrared spectroscopy
(Frauenfelder et al. 1990; Takeda et al. 1995; Dzwolak et al.
1999, 2002).

NMR spectroscopy is a powerful technique for studying
the structures of proteins in solution. Typically, distance
constraints obtained from nuclear Overhauser effect (NOE)
measurements are used to determine the tertiary structures
of proteins. However, it is difficult to obtain reliable long-
range distance information, because the magnitude of NOE
changes to the inverse sixth power of the distance. In the
case of hemeproteins, using the dipolar shift is advanta-
geous, as it includes longer-range distance information than
the NOE data, because its magnitude decreases to the in-
verse third power of the distance (Bertini and Felli 2001).
Therefore, we can determine changes in the orientations of
residues around the paramagnetic metal more accurately
(Bentrop et al. 1997; Bertini and Felli 2001). Pressure-in-
duced structural changes in hemeproteins have been inves-
tigated by high-pressure NMR spectroscopy using a capil-
lary type of high-pressure glass cell (Morishima et al. 1980;
Morishima and Hara 1983).

The purpose of this work is to propose a quantitative and
extensive description of the pressure-induced structural
changes around the active site of metcyanomyoglobin
(MbCN). 1H NMR spectra of MbCN were measured using
a high-pressure NMR probe up to 300 MPa. Pressure-in-
duced changes in the distances between the paramagnetic
iron and the residue protons were determined by use of
distance constraints based on the dipolar shift. On the basis
of the data, we first analyze the movement of individual
protons and describe in particular the behavior of the distal
His residue under pressure in detail. Finally, we discuss a
correlation between the movements of the protons induced
by pressure and cavities in the protein.

Results

First, we describe a relationship between chemical shifts
and the geometrical parameters of protons, and then we
estimate pressure-induced changes in the positions of the
protons using the current observed data.

In the case of paramagnetic compounds, the observed
chemical shift (�obs) is given by the sum of the diamagnetic
(�dia ) and paramagnetic (�para) contributions:

�obs = �dia + �para ( 1)

The contribution of �dia comes from the electrostatic and
ring current effects. The contribution of �para, due to un-

paired electron effects of the iron atom, is divided into the
contact (�con) and the dipolar (�dip) shifts:

�para = �con + �dip ( 2)

The contact shift is observable only for a proton on which
unpaired electrons of the iron atom are delocalized. In the
case of noncoordinated amino acid residues (�con � 0),
therefore, �obs is given by

�obs = �dia + �dip ( 3)

Moreover, the effect of pressure on �dia is relatively negli-
gible, as the change in �dia induced by pressure up to 200
MPa (��dia) is normally < 0.10 ppm for all protons except
amide protons (Akasaka et al. 1997; Li et al. 1999; Yu et al.
1999; Iwadate et al. 2001). The largest shifts of 0.1–0.16
ppm induced by pressure of 200 MPa have been observed
for the protons (except amid protons) in the vicinity of
the Trp residue (Akasaka et al. 1997). Unfortunately, there
have been no reports concerning the pressure effect on
the heme ring current contribution. Here, it is assumed that
the pressure effect on �dia is negligible. Thus, a change in
the �obs of noncoordinated residues (0.20–3.9 ppm/300
MPa) is attributed dominantly to the dipolar contribution
(�dip). Here, we used chemical shifts observed in carbon-
monoxymyoglobin (MbCO) at 0.1 MPa, which are isostruc-
tural diamagnetic shifts [�dia(MbCO)], as �dia at 0.1 MPa in
Equation 3 (Dalvit and Wright 1987; Emerson and La Mar
1990a). Thus, the observed chemical shift at a certain pres-
sure is given practically by the sum of �dip and a constant
[��dia(MbCO) at 0.1 MPa]:

�obs�p� = �dip�p� + const. ( 4)

Furthermore, the dipolar contribution, which results from
the anisotropic magnetic moment of the iron atom, is given
by the following function of the polar coordinates (r, �, �)
of the targeted proton when the magnetic susceptibility � is
diagonal in the coordinate system

�dip = −
��ax

3N
×

3 cos2 � − 1

r3 −
��rh

2N
×

sin2 � cos2 2�

r3 , ( 5)

in which ��ax (2198 × 10−12m3/mole) and ��rh

(−573 × 10−12m3/mole) are the axial and rhombic magnetic
anisotropies, respectively (Emerson and La Mar 1990b),
and N is Avogadro’s number. In this study, we used the
magnetic coordinate system determined by Emerson and La
Mar (1990b), in which the magnetic z-axis corresponds to a
straight line through the iron atom and the His 93 C� atom,
tilted ∼ 15° from the heme normal to the heme �-meso
position.
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Figure 1 demonstrates the effect of pressure on the 1H
NMR spectra of sperm whale metcyanomyoglobin
(SWMbCN) up to 300 MPa at pH 7.5 and 25°C. Assign-
ment of their chemical shifts was based on two-dimensional
DQF-COSY spectra (data not shown) and published data
(Emerson and La Mar 1990a,b). The spectrum at 0.1 MPa
after pressure release was almost identical to the initial (be-
fore pressurizing) spectrum. The pressure effect on the pro-
tein up to 300 MPa was practically reversible. Figure 2
shows the pressure dependence of the chemical shifts of
individual proton signals of amino acid residues. For com-
parison, we performed a similar experiment for horse heart
metcyanomyoglobin (HHMbCN). The results are shown in
Figure 3. In the following analysis, we focus on the results
for SWMbCN.

As described above, a change in the chemical shift arises
dominantly from a change in the dipolar shift, which is a
function of the relative position of the proton to the heme
iron, ��obs � ��dip(�r, ��, ��). However, it is difficult to
determine the three variables (�r, ��, ��) rigorously from
an observable parameter of ��obs. To estimate the magni-
tude of the pressure-induced movements of protons, we cal-
culated the change in each variable according to Equation 5,
when the other variables were constant.

In Table 1, we summarize the chemical shifts at 0.1 MPa
(1 atm) and 300 MPa, and the calculated values of �r, ��
and ��. The values of �r, ��, and �� are the changes in r,
�, and �, respectively, induced by an increase in pressure of
300 Mpa, when the other variables are constant. The move-
ments in the direction of r, �, and � are thus given by �r,

r��, and (rsin�)��, respectively. A few data indicated ex-
ceptionally large values of more than 1.3 Å. They could be
realistically impossible. All of the unacceptable and failed
calculations occurred for the angular changes.

There are two reasons for the above failure. The first
reason is due to a special character of Equation 5. According
to Equation 5, �dip is a monotonous function to r, but this is
not the case when angular variables are regarded. A triangle
function gives a plateau around a maximum or a minimum.
When the obtained �dip is around this, �dip is insensitive to
a change in the angular parameter. Conversely, a small
change in �dip can lead to an unusually large change in the
angular variable. In the worst case, we failed to estimate the
angular movements. The possible range of the dipolar shift
with respect to cos2�, sin2�, or cos2� is mathematically
limited. If the value of the observed dipolar shift is beyond
the range, Equation 5 gives no solution for the angular
variable.

The second reason is related to the essential issue of
pressure-induced contraction of a protein. If the contraction
of the protein is isotropic, the values of � and � are not
changed, although it is not realistic to expect that the con-
traction of the protein is perfectly isotropic. Anisotoropic
deformation has been observed locally for lysozyme by use
of X-ray diffraction (Kundrot and Richards 1987). It seems
acceptable that a protein as a whole is contracted by pres-
sure, although anisotropic contraction occurs in some local
regions. Therefore, among �r, r��, and (rsin�)��, �r
should be the major contributor to the deformation by pres-
sure. Conversely, if the movement by pressure is isotropic,

Figure 1. Pressure dependence of 1H NMR spectra in the downfield and upfield region for 3 mM sperm whale MbCN in 0.1 M
Tris-HCl buffer (90% H2O/10% D2O) at pH 7.5 and 25°C. Signal assignments are made at 0.1 MPa on DQF-COSY by reference to
the assignments of Emerson and La Mar (1990a,b). The spectrum shown by the broken line was obtained at 0.1 MPa after releasing
the pressure from 300 to 0.1 MPa.
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the calculated r�� and (rsin�)�� can become unusually
large or the calculation can give no solutions. This may be
a significant cause for unacceptable and failed estimates of
the angular changes.

Hence, estimates of r�� and (rsin�)�� are not reliable.
Although the estimates of �r are not always equal to the
true movements, they are acceptable as approximate quan-
tities. We have summarized the movements of �r induced

by pressure of 300 MPa for the targeted protons with an
illustration of the heme environment as shown in Figure 4.

Discussion

The influence of pressure on protons
of individual residues

First, we focus our discussion on the His 64 residue, which
is one of the most important residues controlling the ligand-

Figure 2. Pressure dependence of chemical shifts of the proton signals in the (A) downfield and (B) upfield regions for sperm whale
MbCN. The data for Phe 43/CD1 C�H are available only up to 120 MPa, as the peak could not be detected due to the band broadening.

Figure 3. Pressure dependence of chemical shifts of the proton signals in the (A) downfield and (B) upfield regions for horse heart
MbCN as a function of pressure. The horse heart MbCN is in 0.1 M Tris-HCl buffer (90%H2O/10%D2O) at pH 8.6 and 25°C.
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binding reactions of myoglobin. Changes in the chemical
shifts of His 64 N�H and C�H protons are relatively large as
shown in Figures 1 and 2. The behavior of His 64 N�H
agrees with previous high-pressure work up to 110 MPa by
Morishima and Hara (1983), although no previous data is
available for His 64 C�H. These authors proposed the hy-
pothesis that the His 64 of MbCN swings away on the basis
of the large spectral shift. The present calculation of
�r � 0.16 Å for His 64 N�H is not large enough to support
this hypothesis, even at 300 MPa, in terms of the averaged
structure. Furthermore, the negative sign of �r (−0.15 Å)

for His 64 C�H suggests that the pressure-induced move-
ment of the residue is not simple translational displacement.
This leads us to consider rotational displacement of the
residue.

For a detailed description of the displacement, we calcu-
lated the distances of the protons from the iron atom as a
function of the dihedral angles of two rotational bonds ad-
jacent to the His 64 imidazole ring. Figure 5 illustrates the
plots for the distances of the two protons versus the dihedral
angles, �1 (Fig. 5A) and �2 (Fig. 5B) around the C�–C� and
C�–C	 rotational bonds, respectively. The arrows in the

Figure 4. Heme environmental structure of sperm whale MbCO (PDB:2mb5). Protons are hidden for simplification. The values beside
the Greek letters are the changes in the estimated distances between the observed protons and the heme iron induced by pressure of
300 MPa, as listed in Table 1. The value of 0 for Phe 43/CD1 C�H is expected from no pressure dependence of the chemical shift up
to 120 MPa as shown in Figure 2. The locations of the cavities were calculated by the program GRASP (Nicholls et al. 1991) with
a probe radius of 1.4 Å (gray spheres). The largest and second largest cavities, which are termed cavity 1(C1) and cavity 2(C2), are
on opposite sides of the heme iron atom. Cavities C1 and C2 correspond to the xenon-binding cavities 1 and 4, respectively, reported
by Tilton, Jr., et al. (1984) and Tilton, Jr., and Petsuko (1988).

Table 1. Chemical shifts (ppm) for sperm whale MbCN (pH 7.5) at 0.1 and 300 MPa, and calculated movements of noncoordinated
heme peripheral amino acid residues’ protons for the magnetic coordinate system

Residue Position

�obs �dip
a rbÅ �b/deg. �b/dg.

�rc/Å r��c/Å r��sin�c/Å
0.1

MPa
300
MPa

0.1
MPa

300
MPa

0.1
MPa

300
MPa

0.1
MPa

300
MPa

0.1
MPa

300
MPa

Phe 43/CD1 C
H 17.1 17.6 12.4 12.9 4.72 4.61 146.0 147.4 5.9 34.3 −0.11 ± 0.00 0.12 ± 0.02 1.31 ± 0.03
His 64/E7 C�H 11.6 12.4 6.63 7.43 6.04 5.89 169.0 f 161.2 f −0.15 ± 0.01 f f

N�H 23.4 19.5 19.5 15.6 3.71d 3.87 e e e e 0.16 ± 0.00 e e
Thr 67/E10 C	H3 −1.62 −2.28 −3.13 −3.79 7.18 6.81 104.7 93.8 174.2 f −0.37 ± 0.02 −1.37 ± 0.05 f
Val 68/E11 C�H −2.56 −3.19 −5.80 −6.43 5.48 5.30 106.0 102.6 140.2 147.3 −0.18 ± 0.01 −0.33 ± 0.01 0.65 ± 0.03
Ile 99/FG5 C	1H −9.60 −10.9 −9.32 −10.6 4.88 4.55 61.0 63.6 19.8 f −0.33 ± 0.01 0.22 ± 0.02 f

C	2H3 −3.51 −4.08 −4.79 −5.29 7.09 6.83 78.9 f 4.8 f −0.26 ± 0.01 f f
C�H3 −3.88 −4.08 −5.35 −5.55 5.70 5.65 86.2 f 26.5 23.1 −0.05 ± 0.01 f −0.34 ± 0.03

Leu 104/G5 C�H3 −1.56 −2.28 −2.79 −3.51 6.22 5.68 63.7 67.2 40.9 27.1 −0.54 ± 0.02 0.38 ± 0.02 −1.34 ± 0.04

a Dipolar shift calculated according to Eq. 4.
b The present coordinate system is based on the magnetic axes determined by Emerson and LaMar (1990b). Polar coordinates for all of the protons except
His 64/E7 N�H proton at an atmospheric pressure were obtained from the neutron crystal coordinates of MbCO (Cheng et al. 1990).
c Differences between the values at 0.1 and 300 MPa. Errors arise from the experimental errors of ± 0.03 ppm in the chemical shifts.
d Obtained from the published data for SWMbCN at pH 8.0 and 25°C (Emerson and LaMar 1990a).
e Because there have been no available angular coordinates at an atmospheric pressure, it was impossible to calculate changes in the corresponding
coordinates.
f Calculations were failed (see the text).
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figure point to the dihedral angles obtained from the crystal
structure at atmospheric pressure (Cheng and Schoenborn
1990). The pressure-induced movements of His 64,
�r � 0.16 Å for N�H and �r � −0.15 Å for C�H can be
explained only by an increase in the dihedral angle �1. Thus,
it is likely that the changes in r for the protons of His 64
dominantly reflect the change in �1. On the basis of Figure
5A, we estimate a change in the His 64 �1 angle of about
+10°, induced by a pressure of 300 MPa. This pressure-
induced positive change in the His 64 �1 angle is consistent
with the possibility that the His 64 imidazole ring moves
toward the outside of the heme pocket. Such rotational mo-

tion of the His 64 imidazole ring is crucial for ligand entry
into the protein molecule, as the crystal structure of Mb has
no pathway leading a ligand molecule to the active center
(Takano 1977). The present observation for the pressure-
induced movement of His 64 can explain an increase in the
CO rebinding rate induced by pressure (Adachi and Mori-
shima 1989).

It has been ascertained by spectroscopic studies of MbCO
(Shimada and Caughey 1982; Ray et al. 1994) that there are
possibly several conformations of the His 64 residue in
solution. Yang and Phillips, Jr. (1996) have shown that there
are two major conformations of Mb, open and closed, by an
X-ray crystallography study at various pH values. The His
64 �1 angle of the open conformation at neutral pH is larger
by ∼ 100° than that of the closed one at acidic pH. Thus,
there are two possible interpretations of the pressure effect
on the �1 angle. One is a shift of the conformational equi-
librium. The other is a change in the angle of each con-
former. However, the present work cannot clarify this issue,
as the time resolution of NMR is not sufficient to distin-
guish the conformers.

We also observed other residues in the E helix, Thr 67
(E10), and Val 68 (E11). The values of �r for the protons of
Thr 67 C	1H3 and Val 68 C�H became negative (Table 1).
On the basis of the negative �r changes of the protons of the
residues, including a backbone proton, it is likely that the E
helix moves toward the iron atom under pressure.

Next, we discuss the Phe 43 (CD1) para-proton and
meta-protons observed at 17.1 and 12.5 ppm, respectively
(Fig. 1). The para-proton peak exhibits a 0.5-ppm chemical
shift change toward the downfield with an increase in pres-
sure of 300 MPa (Fig. 2), which corresponds to ∼ 0.1 Å
movements toward the iron atom (Table 1). An interesting
result is that the meta-protons peak exhibits a tendency to
broaden. The single peak for two meta-protons means that
the flip-flop motion of Phe 43 is rapid enough to average the
two proton chemical shifts. The present pressure-induced
broadening implies that the rotation of Phe 43 is restricted
by pressure. A reduction of the rate of ring flip-flop motion
by pressure was also observed in BPTI (Wagner 1980; Li et
al. 1999). These results agree with the general picture that
compression of a protein hinders the dynamic motions of
the protein.

On the proximal side of the heme pocket, we observed
signals for three residues, His 93 (F8), Ile 99 (FG5), and Leu
104 (G5). For the His 93 (F8) residue, the chemical shifts
for N�H, its backbone amide, and C�H protons were ob-
served at 21.3, 13.9, and −4.78 ppm, respectively. The peak-
positions of His 93N�H and the backbone amide protons
showed no significant changes under pressure, whereas the
His 93 C�H proton showed a significant change (Fig. 2).
These paramagnetic shifts could arise from the contact and
dipolar contributions, because the imidazole ring of His 93
directly coordinates the heme iron atom. Therefore, we can-

Figure 5. Plots of the distances of His 64 N�H (solid line) and His 64 C�H
(broken line) from the heme iron atom vs. (A) the dihedral angle around the
C�–C� (�1) rotational bond, and (B) the dihedral angle around the C�–C	

(�2) rotational bond. The distances between the targeted protons and the
iron atom were calculated by the program MOLMOL using the neutron
data of Cheng and Schoenborn (1990) (PDB:2mb5). Arrows in the figure
indicate the dihedral angles of MbCO in the crystal at atmospheric pressure
(PDB:2mb5).
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not quantitatively estimate the movements of the protons in
this way. Nevertheless, the observation that there were no
changes in the peak position of the amide proton and im-
idazole ring N�H proton imply insignificant pressure-in-
duced movements of the protons. On the other hand, the
significant pressure-induced shift of the imidazole ring C�H
proton suggests some movement. Thus, the protons in the
same imidazole ring must move to various degrees. Such a
strange behavior may be explained by the rotational dis-
placement of the imidazole ring, similar to the previously
described case of the His 64 imidazole protons.

For the protons of Ile 99 and Leu 104 in the FG turn, all
of the observed peaks exhibit significant upfield shifts with
increasing pressure. The pressure-induced changes in dis-
tance between the iron atom and the Ile 99 protons (Table 1)
indicate that the residue approaches the iron atom with in-
creased pressure. The value of �r for Leu 104 C�H3 indi-
cates a remarkably large movement toward the iron atom.
This phenomenon could be related to the fact that the side
chain of Leu 104 is involved in the formation of part of a
large cavity in the protein. We discuss this in detail in the
section on Compressibility.

Comparison of SWMb and HHMb

Structural differences between the heme peripherals of
SWMb and HHMb involve the 45th and 67th residues (Arg
45 and Thr 67 for SW, and Lys 45 and Val 67 for HH). The
Arg 45 residue of SWMb, which makes a hydrogen-bonded
network with the Asp 60 and the heme-6-propionate groups,
controls the rotation of His 64 (Takano 1977). On the other
hand, the Lys 45 of HHMb cannot form such a hydrogen-
bonded network (Evance and Brayer 1990). This motivated
us to compare the pressure-induced structural changes in
SWMb and HHMb. Morishima and Hara (1983) observed a
remarkable difference between the 1H NMR shifts of the
His 64 N�H protons of the two Mbs. We reinvestigated the
pressure effect on the proton chemical shift of HHMbCN,
not only for His 64 N�H but also for His 64 C�H. Figures 2
and 3 show that the changes in the chemical shift of His 64
C�H, as well as His 64 N�H in HHMb, are larger than those
in SWMb. This implies that the conformational change of
the His 64 imidazole ring is larger in HHMb than SWMb.
This observation is consistent with the fact that the Lys 45
of HHMb cannot form the hydrogen-bonded network with
Asp 60 and the heme-6-propionate group. The present ob-
servation agrees with a high-pressure study on rebinding
kinetics of carbon monoxide to SWMb and HHMb (Adachi
and Morishima 1989), which reported a 1.5-fold larger in-
crease in the rebinding rate constant for carbon monoxide to
myoglobin induced by a pressure of 200 MPa in HHMb
than in SWMb (Adachi and Morishima 1989).

Compressibility

In this work, we estimated the distance changes between
the paramagnetic iron and the residue protons using distance
constraints on the basis of the dipolar shift. In the previ-
ous subsections, we have discussed detailed changes in
the coordinates of individual residue protons of SWMb.
Here, we discuss the present results from a viewpoint of
compressibility.

Most of the movements of the protons in response to an
increase in pressure of 300 MPa are negative and <0.5 Å in
value. For a more detailed description, we have plotted �r
against pressure in Figure 6, showing that all of the dis-
cussed protons, except the His 64 N�H, approach the heme
iron atom under high pressure. The different behavior of the
His 64 N�H proton is due to the rotational displacement of
the histidine residue as described above. Another feature of
Figure 6 is that the slopes with respect to pressure decrease
at higher pressures. This means that the compressibility of
the protein decreases with increasing pressure. Curve fit-
tings for the plots with exponential functions give good
results. The initial slopes of the curves, except the His 64
protons, in Figure 6 (see Table 2) give a one-dimensional
compressibility (−1/r[�r/�p]T) in the range of 1.0–6.1 × 10−4/
MPa at 0.1 MPa.

There have been three previous quantitative experimental
studies that have reported pressure-induced movements of
atoms in a protein. The first one is an X-ray crystallography
study of lysozyme by Kundrot and Richards (1987), which
showed that the root-mean-square movement of all atoms
induced by a pressure of 100 MPa was 0.12 Å. The isother-

Figure 6. Pressure dependence of changes in the distance between the
observed protons and the heme iron atom. The data are fitted with single
exponential functions.
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mal compressibility estimated from the volume decrease of
the whole molecule was 4.7 × 10−4 /MPa. The second report
is a high-pressure flash photolysis study of zinc porphyrin
recombinant mutated myoglobins by Furukawa et al.
(2000). They estimated the distance between the zinc atom
and the ruthenium amino complex bound to the histidines
from the rate constant of electron transfer. Changes in the
distances of three kinds of the recombinant mutants were
scattered in the range of +0.033 to −0.34 Å/100 MPa. One-
dimensional compressibility was in the range of −0.2 to
2.2 × 10−4/MPa. The third report is a high-pressure NMR
study of BPTI by Li et al. (1998), who revealed ∼ 0.05
Å/100 MPa shortening of the intramolecular hydrogen bond
of BPTI on the basis of an empirical correlation between the
chemical shift and the distance. If we assume that a typical
H···O distance in the NH···O�C hydrogen bond in the pro-
tein is 2.0 Å, then the one-dimensional compressibility of
the intramolecular hydrogen bond is ∼ 2.5 × 10−4/MPa. The
present compressibility data (1.0– 6.1 × 10−4/MPa) for the
heme environment in SWMbCN are comparable with those
given in the three studies.

In the above section, we discussed the compressibility of
proteins on the basis of the change in atomic position. Such
compressibility is generally called the intrinsic compress-
ibility (Paci and Velikson 1997). It must be discriminated
from the thermodynamic (partial molar) compressibility,
which can be obtained directly from sound velocity experi-
ments (Gekko and Hasegawa 1986; Chalikian et al. 1996;
Gekko et al. 2000). The thermodynamic compressibility is a
partial molar quantity, which includes a contribution of hy-
drated solvent water as well as the intrinsic contribution.
Although they are essentially different from each other, the
comparison between them could give useful information on
the properties of the protein. The thermodynamic isothermal
compressibility of metmyoglobin, which was estimated
from the adiabatic compressibility by sound velocity mea-
surement, is 1.31 × 10−4/MPa (Gekko and Hasegawa 1986).

Another published value of 0.937 × 10−4/MPa for deoxy-
myoglobin was obtained by the normal mode calculation
using a definition of the volume including a contribution
from half a layer of water (Yamato et al. 1993). The present
intrinsic compressibility for the heme environment is rela-
tively larger than those values. This larger compressibility is
in agreement with the detailed picture presented by Yamato
et al. (1993) that the compressibility of the local region
between cavities and the heme skeleton are relatively large.
These authors also indicated that the average magnitude of
pressure-induced displacement of His 64 (distal histidine)
atoms is twice that of His 93, in agreement with the present
work.

Another interesting suggestion from a recent sound ve-
locity study (Kamiyama and Gekko 2000) is that the cavity
in a protein significantly contributes to its compressibility.
We have shown that the large compressibility for Leu 104 is
correlated with the large cavity in Mb as described above.
For a more detailed discussion, we show plots of the com-
pressibility at 0.1 MPa and �r (Table 1) against the distance
of the proton from the nearest cavity in Figure 7. Both
panels in the figure indicate that both parameters correlate
with the distance of the proton from the cavities, and that the
correlation is better for �r. The plot for the Thr 67 C	H3

protons, which are exposed to the solvent, is deviated from
the correlation line and is the only exception. It seems rea-
sonable that the existence of the cavity is not important for
the pressure-induced movement of exposed residues. After
omitting this data set (6), Figure 7B gives a linear correla-
tion factor of 0.95. It is very interesting that the correlation
between the compressibility at 0.1 MPa and the distance is
lower. A typical case is Phe 43 C
H, which has a large
compressibility and is far from the cavity. Its initial slope in
Figure 6 is large, but it becomes dramatically small at high
pressures. It seems quite reasonable that a large movement
induced by pressure needs a free space available near the
residue. The present result also indicates that a small free
space around a residue can produce a large compressibility
at 0.1 MPa, but cannot do so at high pressures.

As mentioned, another interesting observation is that the
compressibility decreases with increasing pressure. There
are two possible factors explaining the decrease in com-
pressibility, the contraction of cavities and/or water penetra-
tion into the cavity by pressure. Although neither case was
demonstrated by the present work, this is a critical open
question because the water penetration model is also a key
hypothesis for the pressure-induced denaturation of pro-
teins. The possibility of the water penetration has been sup-
ported by a model (methane-water system) calculation by a
statistical-mechanical method, which showed that pressure
stabilizes the separated configuration of methane molecules
by water (Hummer et al. 1996).

Applying the above-deduced conclusion to the compres-
sion of proteins, we note that a protein with large cavities

Table 2. The first derivative of �r with respect to pressure and
the one-dimensional compressibilities

Residue Position

���r

�p �p= 0.1 MPa

a

10 − 4Å MPa − 1

1

r ���r

�p �p = 0.1 MPa

10− 4MPa − 1

Phe 43/CD1 C
H 25 ± 2.5 5.3 ± 0.4
Thr 67/E10 C	H3 15 ± 30 2.1 ± 4.2
Val 68/E11 C�H 16 ± 2.2 2.9 ± 0.4
Ile 99/FG5 C	1H 30 ± 5.2 6.1 ± 1.1

C	2H3 16 ± 7.9 2.3 ± 1.1
C�H3 5.4 ± 1.3 0.9 ± 0.2

Leu 104/G5 C�H3 26 ± 12 4.2 ± 1.9

a Initial slopes of the curves in Fig. 6. The curves were given by fitting the
data with the function, �r � a{1-exp(bp)}. The value of a � b corresponds
to the initial slope.
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gives large pressure-induced movement and compressibil-
ity. There have been numerous sound velocity works at 0.1
MPa, providing the thermodynamic compressibility of pro-
teins. On the other hand, atomic level studies under high
pressure providing the intrinsic compressibility are few, and
the experimental methods available for such studies are very
limited. The X-ray diffraction method, which is the most
powerful technique, has an inevitable weak point of crystal
collapse under pressure. For comprehensive understanding
of the compressibility of a protein, atomic level techniques
need to be much improved. The present work proposes an

alternative method, which is convenient and semiquantita-
tive for hemeproteins. Hemeproteins frequently have para-
magnetic metals near the weight center of the molecules,
which are also the active site. Applying the present method
would also be a good strategy for studying the compress-
ibility of proteins from physical and biological points of
view.

Conclusion

(1) The one-dimensional compressibility is ∼ 6.1 × 10−4

Å/MPa, which is comparable with previous studies for ly-
sozyme, BPTI, and zinc porphyrin recombinant mutated
Mbs. (2) The pressure-induced movement of the residues is
highly correlated to the distance from large cavities. (3)
Pressure induces the rotational movement of His 64 toward
the outside of the heme pocket, which is driven dominantly
by changes in the �1 angle. The angle change induced by
pressure of 300 MPa was estimated to be about +10°. (4)
The His 64 residue in HHMb is less resistant to pressure
than that in SWMb, which is consistent with the fact that the
Lys 45 of HHMb does not form a hydrogen-bonded network
with Asp 60 and the heme-6-propionate group.

Materials and methods

Sample preparation

Sperm whale myoglobin was purchased from Biozyme Laborato-
ries Ltd. Further purification was performed by gel filtration
through Sephadex G(25 (Pharmacia Biotech) and CM-52 (What-
man Paper Ltd) in 20 mM phosphate buffer. Horse heart myoglo-
bin (Sigma-Aldrich Japan KK) was used without further purifica-
tion. The cyanide complexes were prepared by addition of a sev-
enfold excess of KCN to each protein solution. Then, the
phosphate buffer and excess KCN were replaced with Tris buffer
using an ultrafiltration cell (Amicon Inc.). The samples were fi-
nally prepared to be in 100 mM Tris buffer (90%-H2O and 10%-
2H2O) at pH 7.5 for SWMb and 8.6 for HHMb. The final protein
concentration of 3 mM was determined spectrophotometrically
using E � 109.7 mM cm−1 at 423 nm. For a double-quantum-
filtered COSY (DQF-COSY) measurement, the protein was pre-
pared in 100 mM Tris buffer (100%-2H2O) at a protein concen-
tration of ∼ 5 mM. The pH was adjusted to 7.7 by 0.1 M 2HCl and
0.1 M NaO2H.

High-pressure NMR measurements
1H NMR spectra were recorded using a JNM-EX270 spectrometer
(JEOL Ltd) operating at a 1H frequency of 270 MHz combined
with a high-pressure NMR probe (JEOL Ltd) up to 300 MPa. The
high-pressure probe contained a sample cell consisting of an
8-mm-glass tube (Pyrex), a piston (Teflon), and a copper weight.
The spectra consisted of 1600 scan times with 32-k data points
over a 16-k Hz spectral width. The residual solvent signal (1HO2H)
was suppressed by pre-irradiation. Proton chemical shifts were
referenced with respect to the water proton signal (4.75 ppm at
25°C).

Figure 7. Plots of (A) compressibility and (B) �r (Table 1) of the targeted
protons vs. the distance from the nearest large cavity (cavity 1 or cavity 2;
see legend to Fig. 4). The cavities were generated by rolling a probe sphere
whose radius was 1.4 Å. The distances used are the nearest ones between
the protons and the curved surface made by the center of the rolling probe.
These calculations were performed using the program MOLMOL with the
coordinate data (PDB2mb5). Closed and open circles represent the data for
residues whose nearest large cavities are cavity 1 and cavity 2, respec-
tively. The targeted protons and the calculated distances are as follows: 1,
Leu 104 C�H3, 2.96 Å; 2, Ile 99 C	1H, 5.20 Å; 3, Ile 99 C	2H3, 6.31 Å; 4,
Ile 99 C�H3, 7.26 Å; 5, Val 68 C�H, 5.28 Å; 6, Thr 67 C	H3, 8.81 Å; 7,
Phe 43 C�H, 8.29 Å; 8, Phe 43 C
H, 7.17 Å. The linear correlation coef-
ficient c is represented in each panel. The value in the parentheses is
obtained when omitting data set 6.
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The DQF-COSY spectrum was recorded in the phase-sensitive
mode using a JEOL JNM-A 400 spectrometer (JEOL Ltd) at a 1H
frequency of 400 MHz to confirm the assignment of individual
peaks by reference to the assignment in the literature (Emerson and
La Mar 1990a,b). The COSY spectrum was acquired with 512
increments of t1, each consisting of 32 transients. The spectral
width was 20 kHz and 2048 real data points were acquired in t2.
The solvent signal (1HO2H) was suppressed by pre-irradiation.
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