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ABSTRACT: The bimolecular association reaction of carbon monoxide to human adult hemoglobin at pH
7, 20 °C, was examined as a function of pressure up to 1500 bar by means of high-pressure laser photolysis.
The apparent quantum yield for a millisecond recombination reaction decreased with pressure, which was
attributed to an increase in the fraction of nanosecond geminate recombination reaction. On the basis of
the pressure dependence of the recombination rate, the activation volumes at normal pressure for the binding
of carbon monoxide to the R- and T-state hemoglobins were determined as 9.0 & 0.7 and —-31.7 £ 2.4 cm?
mol™!, respectively. Since the activation volumes for the overall CO association reaction were negative, it
seems that the iron-ligand bond formation process mainly contributes to the rate-limiting step for both
quaternary structures. The characteristic pressure dependence of the activation volume was observed for
the R-state Hb but not for the T-state Hb. At 1000 bar, the activation volume for the R-state Hb was
reduced to nearly zero, probably resulting from the contribution of the ligand migration process to the
rate-limiting step. The effect of pressure on the activation enthalpy and entropy was also extracted from
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the data.

X-ray crystallographic studies of human adult hemoglobin
(Hb A) have revealed two distinct quaternary structures, the
fully deoxygenated Hb with T-state structure and the fully
liganded (oxy, carboxy, nitroxy, etc.) Hb with R-state structure
(Perutz, 1980; Baldwin & Chothea, 1979). In going from the
deoxy-Hb T-state to the liganded Hb R-state, large configu-
rational or structural changes are induced at the subunit in-
terface and heme active site as well. Many of the cooperative
ligand binding features in Hb have been accounted for by
assuming that there is an equilibrium between the low ligand
affinity T and the high ligand affinity R structures.

One of the key issues to be addressed by the structural model
of Hb allostery is the elucidation of the different features of
the ligand binding mechanism between the R- and T-state Hbs.
Transient absorption studies have been shown particularly
useful for delineating the mechanism of the ligand binding
reaction of Hb. On the millisecond time scale, two relaxations
have been observed, which are bimolecular rebinding of ligand
from the solvent to the R and T quaternary structures with
time constants of about 200 us and 10 ms, respectively
(Murray et al., 1988a,b). The difference in affinity of the R-
and T-state Hb to carbon monoxide may be manifested mainly
in this rebinding rate (Sawicki & Gibson, 1976; Szabo, 1978).
In the nanosecond region, the geminate CO rebinding rate of
about 50 ns was observed (Duddel et al., 1979, 1980; Alpert
et al., 1979; Friedman & Lyons, 1980; Catteral et al., 1982;
Hofrichter et al., 1983; Campbell et al., 1984, 1985). This
nanosecond rebinding is the process by which the photodis-
sociated ligand rebinds to the heme iron without having dif-
fused into the surrounding solvent. From these nanosecond
studies, the three-species model has been proposed (Campbell
et al.,, 1984). According to this model, there are two ele-
mentary steps in the bimolecular association reaction for each
quaternary structure. The first step is entry of the ligand into
the heme pocket, followed by ligand binding to the heme.
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Despite the fact that the ligand binding kinetics of Hb has
been extensively studied, several important questions about
the ligand binding mechanism, especially concerning the ligand
binding dynamics, remain to be answered. One of the most
uncompromising problems that we encounter in studying the
ligand binding mechanism is the difficulty of directly char-
acterizing the intermediate states in the ligand binding dy-
namics in terms of protein structures. In this paper, we de-
scribe a high-pressure laser photolysis study of carbonmon-
oxy-Hb A to elucidate the dynamical aspect of the ligand
binding to Hb.

The effects of pressure on the structures of some hemo-
proteins have been studied by use of UV /vis absorption (Weber
& Drickamer, 1983; Ogunmola et al., 1977; Alden et al.,
1989), magnetic susceptibility (Messana et al., 1978), NMR
spectroscopy (Morishima et al., 1979, 1980; Morishima &
Hara, 1982, 1983), and resonance Raman spectroscopy (Alden
et al., 1989). The influence of pressure on the ligand binding
kinetics for some hemoproteins has also been studied (Hasinoff,
1974; Caldin & Hasinoff, 1975; Adachi & Morishima, 1989;
Projahn et al., 1990; Frauenfelder et al., 1990). These pres-
sure-dependent kinetic studies provide information on the
volume profile of the ligand binding process. The activation
volume, the difference in partial molar volume between the
activated complex and the reactants, is very easily visualized
and is sensitive to the dynamics associated with the reaction
process. Here we present a study of the effects of pressure
(up to 800-1500 bar) on the bimolecular CO rebinding to Hb
A to characterize the intermediate states in the ligand binding
reaction for the R and T quaternary Hbs.

MATERIALS AND METHODS

Preparation of Hemoglobin. Hemolysate was prepared by
a standard method from whole blood samples obtained from
a local blood bank. Hb A was prepared in the carbon mon-
oxide form as described by Ishimori and Morishima (1988).
Hb A was stored in the carbonmonoxy form in liquid nitrogen
prior to use. All of the experiments were performed in 50 mM
Tris buffer at pH 7, which contains 0.1 M CI~. This buffer
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has been shown to exhibit no pressure dependence of pH in
the pressure region examined here (Neuman et al., 1973). The
protein concentration was varied from 25 to 40 uM (heme),
and it was determined as carboxyhemoglobin, with a millimolar
extinction coefficient of 13.4 mM™ at 540 nm on a heme basis.
The CO concentration was based on a Henry’s law coefficient
of 1.04 mM atm™'.

Millisecond Laser Photolysis Measurements under High
Pressures. Excitation light was obtained from a lamp pumped
dye laser (UNISOKU LA-501) with Rhodamine 6G (Kodak)
dye solutions. We used a 50 uM solution of Rhodamine 6G
in methanol, and the laser produced 250-mJ pulses. The pulse
half-width was 300 ns. At atmospheric pressure, 10-mm
path-length cells were used. The absorption spectra were
monitored at a right angle to the excitation source on a mo-
nochrometer, UNISOKU USP-501, and detected by a pho-
tomultiplier. A transient recorder, Graphtec TMR-80, was
used to digitize the signal (50 ns/point, 4096 points), and data
were transferred to a NEC PC-9801VX computer for further
analysis. The monitoring beam was generated by a pulsed
xenon arc lamp and focused within the area of the laser beam
at the surface of the sample. The monitoring wavelength was
436 nm, which is the isosbestic point for the R- and T-state
Hbs (Sawicki & Gibson, 1976).

The high-pressure photolysis experiments were performed
with a high-pressure cell, and its inner capsule was made of
quartz. The inner sample capsule consists of the upper cyl-
indrical part and the lower square-shaped part. The lower
optical square-shaped part has a path length of 5.0 mm. The
details of the high-pressure cell and its inner sample capsule
are described elsewhere (Hara & Morishima, 1988). The
pressure was transmitted from an intensifier (Hikari High-
Pressure Co., Ltd. KP-5-B) and was measured with a Bourdon
tube gauge.

Nanosecond Laser Photolysis Measurements under High
Pressure. The second harmonic (347.2 nm) of a Q-switched
ruby laser with a half-peak duration of 20 ns was used. The
Xe lamp and the probe light were focused onto the entrance
slit of a monochrometer and detected by a photomultiplier
(HTV R666). An Iwatu storage oscilloscope was used to
digitize the resulting signal. The high-pressure apparatus was
the same as that for the millisecond laser photolysis mea-
surements. The nanosecond photolysis experiments were
performed at 1-1500 bar in S0 mM Tris—0.1 M CI-, pH 7,
at room temperature (~20 °C) with a monitoring wavelength
of 436 nm.

Evaluation of the Bimolecular Association Rate Constants.
In the R-state Hb, Guggenheim plots were used for the rate
constants, and they were fitted to

In (Adj4q — AAy) = _kappt (1)

in the time range of 0 to ~ 100 us, where A4, and AA,.4 are
the absorbance changes at any time ¢ and ¢ + dt, respectively.
k,pp is the observed pseudo-first-order rate constant; 40 us was
used for the value of dr.

The semilog plots were used for the T-state Hb, and they
were fitted to eq 2 in the time range of 2-7 ms, where A4,

In (A4, - AA;=) = _kappt (2)
is the initial absorbance change and A4, is the absorbance
change as a function of time.

Calculation of the Activation Volumes, Enthalpies, and
Entropies. The activation volume is given by eq 3. R is the

AV* = -RT (8 In k/dp) 3)
gas constant (=8.314 J K™ mol™!) and 293.15 K was used for
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the value of T. The slope (8 In k/dp) for the R-state Hb at
atmospheric pressure was calculated from the optimized
third-order polynomial function. Second-order functions were
used for the function of the T-state Hb. Curve fits were
performed from 1 to 1000 bar for both Hbs.

We assume that the CO ligation rate constant obeys the
Arrhenius equation:

k = A exp(-E,/RT) 4)

A is a frequency factor, E, is an activation energy, and R is
the gas constant. A4 and E, are assumed to be temperature
independent. Transition-state theory (Glasstone et al., 1941)
gives the rate constant as given by eq 5, where AG* is the

k = v exp(-AG*/RT) (5)

activation free energy between the initial state and the tran-
sition state and v is an approximately constant factor. Ex-
pressing the activation free energy in terms of activation en-
thalpy and activation entropy leads to eq 6, where », AS*, and

k = v exp(-AS*/R) exp(AH*/RT) (6)
AH?* are temperature independent and a value of
v = 10" M1 57! @)

was used for the second-order reaction (Austin et al., 1975).
Comparison of eqs 4 and 6 gives

AH* = E,, AS* = Rn (4/») (8)

Rate constants were obtained at various temperature from
~5 to ~25 °C, and the activation enthalpy was estimated
from the slope of the plots of rate constant versus 1/7. The
activation entropies were evaluated by use of eq 5-8 and the
activation free energy, which was calculated from the optim-
ized second- or third-order polynomial function.

RESULTS

Pressure Effects on the Apparent Quantum Yield and the
Fraction of R- and T-State Hemoglobins. Time courses of
the absorption spectral changes for CO rebinding to Hb in the
millisecond region at various pressures are shown in Figure
1. It is well documented that at normal pressure the initial
portions of the time courses (0 to ~1 ms) correspond to CO
recombination to the R-state Hb and the slower relaxations
(~1to ~3 ms) result from recombinations to the T-state Hb
(Gibson, 1959a; Antonini & Brunori, 1971; Antonini et al.,
1972; Schmelzer et al., 1972). The most characteristic feature
of Figure 1 is the decrease in the degree of photodissociation
(which is called the apparent quantum yield for the millisecond
region) of HbCO at elevated pressures. Under this experi-
mental condition, the apparent quantum yield at atmospheric
pressure was about 0.8 (~80% photolysis). At 1000 bar, the
absorbance changes were reduced to about half of that at 1
bar.

The decrease in the photodissociation for the millisecond
region could resuit either from the decrease of the intrinsic
photochemical yield or from the increase of the geminate
rebinding. In an effort to determine whether or not the low
apparent quantum yield is due to the nanosecond geminate
recombination, we performed the nanosecond laser photolysis
experiments under various pressures. Some typical recom-
bination reactions under different pressure are shown in Figure
2. It is readily noticed that the portion of photodissociated
CO quickly rebinding to the iron in the nanosecond region is
larger at 1000 bar than at 1 bar. Unfortunately, we could not
successfully obtain the rate constants fitting the observed
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FIGURE 1: Millisecond time courses for recombination of 400 uM
CO with human adult Hb at various pressure (1, 400, and 1000 bar).
The reactions were carried out at 20 °C and pH 7 in 50 mM Tris-0.1
M CI- buffer and were monitored at 436 nm. Protein concentration
was 37 uM (heme), and 5-mm path-length cells were used. Photolysis
of HbCO was accomplished with a 300-ns laser flash (590 nm), and
~80% photolysis was obtained at atmospheric pressure.
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FIGURE 2: Nanosecond time courses for CO recombination with Hb
at various pressure (1, 500, and 1000 bar). The reactions were carried
out at room temperature (~20 °C) and pH 7 in 50 mM Tris-0.1
M Ci- buffer and monitored at 436 nm. Protein concentration was
26.0 uM (heme), and 5-mm path-length cells were used. CO con-
centration was ~400 uM. Photolysis of the HbCO was accomplished
with a 20-ns excitation pulse (347.2 nm). The geminate yields were
as follows: 1 bar, 0.3; 500 bar, 0.4; 1000 bar, 0.5.

spectral time courses, which appear to be multiphasic.
Therefore, we only determined the fraction of the geminate
recombination, a geminate yield, preliminarily as a function
of pressure. At atmospheric pressure, the geminate yield was
about 0.3. The geminate yield was increased to about 0.4 and
0.5 at 500 and 1000 bar, respectively, while the millisecond
CO rebinding fraction was decreased with rising pressure.

The difference in absorbance between carbonmonoxy- and
deoxy-Hb at 436 nm was almost insensitive to pressure (figure
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FIGURE 3: Pressure dependence of the fraction (as a percentage of
photodissociated Hb) of the R- (O) and T-state Hb (@). The fraction
of the T-state Hb was calculated from the extrapolated zero time
absorbance changes by use of the logarithmic plots of Figure 1, and
the R-state component fraction was evaluated from the difference
between the photodissociated component fraction and the T-state one.
The experimental conditions were described in Figure 1.

not shown). Therefore, the low apparent quantum yield at
high pressure is not caused by the pressure-induced absorbance
changes for carbonmonoxy- and deoxy-Hb. Although quan-
titative comparison between the pressure-induced increase of
the geminate rebinding and the decrease of the millisecond
rebinding has not yet been made, it can be safely said that
pressure does not affect so much the intrinsic photodissociation
as does the laser power. In other words, pressure affects only
the ratio of the nanosecond rebinding to the millisecond re-
binding (geminate yield) and does not affect the intrinsic
quantum yield.

Figure 1 also shows that the spectral amplitude of the T-
state species preferentially decreased with increased pressure.
At 1000 bar, the recombination reaction appears to consist
almost entirely of the fast phase. Figure 3 depicts the pressure
effects on the fractions of the R- and T-state Hbs as a per-
centage of photodissociated Hbs. It shows that the fraction
of the R-state Hb is increased from ~ 50 to ~90% and that
of the T-state Hb is changed from ~50 to ~10% upon
pressurization from 1 to 1000 bar. Therefore, the pressure-
induced decrease in the apparent quantum yield for the mil-
lisecond rebinding can be mainly attributed to the decrease
of the slow component of Hb (the T-state Hb).

Pressure Effects on the Bimolecular Association Rate
Constants and the Kinetic Parameters. Time courses for CO
association to the R- and T-state Hb are exemplified in Figures
4A and SA, respectively. In Figure 4A, CO rebinds to the
R-state Hb under normal and high pressure (1000 bar) in a
buffer equilibrated with ~1 atm of CO. Partial photolysis
experiments were performed to measure the bimolecular as-
sociation rate constants for the R-state Hb, and the laser flash
was attenuated to 15-50% photolytic breakdown. Under these
conditions, CO rebinding to the R-state Hb is the main re-
action (Gibson, 1959a). The time courses under all pressures
are analyzed by the usual method of the Guggenheim plot,
as shown in Figure 4B. The plot is linear at the initial stage
in each reaction, implying that the reaction at the initial stage
can be interpreted as the pseudo-first-order reaction. The
bimolecular rate constant under normal pressure was evaluated
as 9.1 £ 0.7 uM' 57!, This value is in good agreement with
those reported in the literature (Sawicki & Gibson, 1976).

Time courses at 1 and 600 bar in a buffer equilibrated with
~0.15 atm of CO are shown in Figure SA and mainly rep-
resent the association kinetic behavior of the slow component,
the T-state Hb. Since the laser flash was not reduced in this
experiment, we got ~80% photolytic light. Under this ex-
perimental condition, the T-state Hb was chiefly obtained. The
bimolecular association rate constants for CO rebinding to the
T-state Hb were evaluated by the semilog plot method (Figure
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FIGURE 4: (A) Normalized time courses for the recombination of ~1
atm of CO with Hb following partial photolysis by a 300-ns laser flash
under two different pressures. Partial photolysis was performed by
use of an attenuated laser flash (~50-15% breakdown), and R-state
Hb was mainly produced. The reactions were carried out at 20 °C,
pH 7, in 50 mM Tris—0.1 M CI” buffers and were monitored at 436
nm. Protein concentration was 34-40 uM (heme), and 5-mm path-
length cells were used. (B) Guggenheim plot for the reactions as shown
in (A). These plots were fitted in the time range of ~0-100 us to

eq 1. The dashed lines show the best fit to eq 1.

5B). The bimolecular rate constant for the T-state Hb at
normal pressure was determined as 0.42 + 0.02 uM™! 57,
which corresponds to the previous data (Sawicki & Gibson,
1976).

In order to delineate the pressure effects on the ligand
binding reaction rate, K, A In k [= In &, (at high pres-
sure)/k,(1 atm)] is plotted against pressure in Figure 6. The
activation volume was determined from the slope, and the
resulting activation volumes for both R- and T-state Hbs at
atmospheric pressure are evaluated. There are two significant
features as inspected. First, the CO rebinding process for the
T-state Hb experiences a larger activation volume (-31.7 £+
2.4 cm?® mol™!) than that for the R-state Hb (-9.0 + 0.7 cm?
mol™). This difference between the R- and T-states implicates
some different features of the CO rebinding mechanism be-
tween two quaternary states. Second, the activation volume
for the T-state Hb was almost pressure independent, whereas
that for the R-state Hb was reduced to nearly zero in going
from 1 to 1000 bar.

To examine the pressure effects on the kinetic parameters,
we also investigated the pressure dependence of the activation
enthalpies and entropies for both R- and T-state Hbs. The
temperature dependence of the association rate constants was
studied at various pressures and some typical examples are
shown in Figure 7. The plots are sufficiently linear to follow
the Arrhenius equation {eq 4). The activation enthalpy and
entropy were determined as described under Materials and
Methods, and the pressure effects on them are listed in Table
I.  Upon elevating the pressure from 1 to 1000 bar, the
activation enthalpy for the R-state Hb was increased from 18.4
0.1 t0 20.7 = 0.4 kJ mol™! and the entropy was reduced from
-14.7 £ 0.5t0 5.1 £ 1.5 J K™ mol™!. On the contrary, the
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FIGURE 5: (A) Normalized time courses for the recombination of 0.15
atm of CO with Hb following photolysis by a 300-ns laser flash under
two different pressures. Experimental conditions were described in
Figure 4, and under these experimental conditions, T-state Hb was
chiefly obtained. (B) Semilog plot for the reactions as shown in (A).
These plots were fitted in the time range of 2-7 ms to eq 2. The dashed
lines show the best fit to eq 2.
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FIGURE 6: Logarithmic plots of the rate constants for the bimolecular
CO association reaction versus pressure for the R- (O) and T-state
Hb (®@). Experiments were performed with millisecond laser photolysis
apparatus in 50 mM Tris—0.1 M CI-, pH 7, at 20 °C. The points
were determined as described in Figures 4 and 5 (see text), and the
error bars are the standard deviation from the mean. Because the
measurements for the R-state Hb under 1100-1500 bar were carried
out only once, the error bars are not shown. The amplitude of the
T-state Hb was markedly reduced by high pressure, so that the rate
constants could not obtained above 1000 bar.

activation enthalpy for the T-state Hb was decreased from 27.4
+ 1.2t0 21.4 £ 1.6 kJ mol™! and the entropy was raised from
-10.0 + 4.0 to —23.4 £ 5.6 J K~ mol™! in going from 1 to 800
bar. The plots of AH* and ~TAS* versus pressure at 293.15
K are illustrated in Figure 8.

DiscussIioN

Pressure Effects on the Fraction of R- and T-State Hem-
oglobins. As illustrated in Figure 3, the fraction of the R-state
Hb in the photodissociated Hb is increased by pressure,
whereas that of the T-state Hb is reduced at high pressure.
Such drastic proportional changes between the R- and T-state
Hbs were also encountered for the partial photolysis experi-
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Table I: Activation Enthalpy (AH*) and Entropy (AS* and -TAS*) as a Function of Pressure for R- and T-State Hemoglobins®

R-state Hb T-state Hb
P (bar) AH* (kJ mol™) AS* JK'mol™") -TAS* (kJ mol™')*  AH* (kJ mol™) AS* J K'mol™') -TAS* (kJ mol™)?
1 18.4 £ 0.1 -147 £ 0.5 43 0.1 274 1.2 -10.0 £ 4.0 29%1.2
200 184 0.3 -14.2 £ 0.9 4203 250% 1.0 -16.0x 34 47x1.0
400 17904 -153x 1.3 4504 23212 -19.8 £ 4.1 58%+1.2
600 19.4 £ 0.3 -10.1 £ 0.9 3003 215+ 1.5 =243 x 5.1 7115
800 20.5 £ 0.4 -59%1.2 1.7£04 214% 16 =234+ 56 68x1.6
1000 20704 =5.1x1.5 1.5+ 04

7 Experimental conditions were 50 mM Tris=0.1 M ClI~, pH 7. Rate constants were obtained at various pressures in the temperature range from
~51to ~25 °C. The values presented in this table were determined as described in Figures 4 and 5 (see text). The errors are listed as the standard
deviation from the mean. The values for the T-state Hb at 1000 bar were not obtained, because the amplitudes of the slow components were

markedly decreased. #293.15 K was used for the value of 7.
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FIGURE 7: Plots of k,p, versus 1/T for the bimolecular CO recom-
bination reaction with the R- (left) and T- (right) state Hbs under
various pressure: (O) 1 bar; (@) 400 bar; (O0) 800 bar. k,,, were
evaluated by the Guggenheim plot method for the R-state Hib and
by the semilog plot method for the T-state Hb. The temperature range
was ~5-25 °C for all experiments.
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FIGURE 8: Pressure effects on the activation enthalpy (AH*) and the
activation entropy term (-TAS*) for the bimolecular CO association

reaction. The points and error bars were taken from Table 1. For
the enthalpy: (O) R; (@) T. For the entropy: (O) R; (m) T.

ments (Antonini et al., 1972; Sawicki & Gibson, 1976). In
the partia! photolysis experiment, reduction of the laser power
resulted in a decrease in the intrinsic photodissociation rate,
leading to an increase in the fraction of the partially photo-
dissociated R-state Hb and a decrease in the fraction of the
fully photodissociated T-state Hb. As shown in Figure 9, the
dependencies of the fractional changes between the R- and
T-state Hbs on the photodissociation in the partial photolysis
experiment (Antonini et al., 1972; Schmelzer et al., 1972) were
almost all the same as in the high-pressure photolysis exper-
iment. It therefore follows that pressurization tends to increase
the fraction of partially photodissociated Hb as found upon
reduction of the laser power. It is well-known that the increase
of the partially photodissociated Hb is induced by reduction
of the intrinsic photodissociation rate in the partial photolysis
experiment. However, in the high-pressure experiment,
pressure increases the fraction of the geminate rebinding
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FIGURE 9: Fraction of the R- and T-state Hb (as a percentage of
photodissociated Hb) plotted versus photodissociation of HbCO. The
fraction of the R- and T-state Hb and the fraction of the photodis-
sociated HbCO were determined in a manner similar to that in Figure
3. For the high-pressure experiments: (O) R; (O) T. For the partial
photolysis experiments: (@) R; (W) T. Experimental conditions are
listed in Figure 1.

concurrent with a decrease in the apparent quantum yield for
the millisecond process as illustrated in Figure 2.

Since the geminate rebinding occurs before the transition
from the R to T quaternary structure (Sawicki & Gibson,
1976; Murray et al., 1988a,b; Su et al., 1989), the increase
of the geminate rebinding accompanied with the decrease of
the millisecond rebinding induces the increase in the partially
liganded R-state Hb and the decrease in the fully deoxygenated
T-state Hb. Another alternate interpretation of the fractional
changes between the R- and T-state Hb is that the transition
rate from the R- to T-state is slowed down by pressurization.
However, since the pressure and partial photolysis experiments
gave nearly the same fractional changes, it is unlikely that the
pressure drastically affects the R to T quaternary transition
rates.

Dynamics of CO Binding to Hemoglobin— Activation
Volumes. The following simple three-species scheme (Alpert
et al., 1979; Campbell et al., 1984, 1985; Catterall et al., 1982;
Duddell et al. 1979, 1980) was proposed to describe CO
binding to Hb:

HbCO == Hb-CO == Hb + CO

HbCO represents the CO-bound state; Hb-CO, the geminate
state where CO is still in the heme pocket; and Hb + CO, a
state where CO is in the solvent phase. According to this
model, there are two elementary steps in the bimolecular CO
association reaction, that is, the iron-ligand bond formation
step (1) and the migration of the ligand molecule to the heme
pocket (2).

It has been reported that the bond formation reaction of
neutral molecules has a negative activation volume of the order
of ca. =10 cm? mol™! (le Noble, 1965) and the diffusion-con-
trolled reaction such as CO binding to protoheme in aqueous
ethylene glycol and in glycerol experiences positive activation
volumes, +2 and +14 cm® mol™!, respectively (Caldin &
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FIGURE 10: Relative free energies are plotted versus the reaction
coordinate, taken as the distance between the heme iron and the ligand.
The solid curves are at atmospheric pressure, while the dashed curves
are at high pressure.

Hasinoff, 1975). The relationship between the activation
volume and the rate-limiting steps was suggested by the studies
of the pressure effects on the ligand binding to myoglobin
(Hasinoff, 1974; Adachi & Morishima, 1989; Projahn et al.,
1990). The negative activation volume was found (ca. -9 cm?
mol™) for the CO binding reaction to sperm whale myoglobin
in which the rate-limiting step is the bond formation process
(Gibson et al., 1986), and the positive value (~5-8 cm® mol™)
was obtained for O, binding to sperm whale myoglobin in
which the rate-limiting step is the ligand migration process
(Gibson et al., 1986). The activation volumes for the R- and
T-state Hbs at atmospheric pressure are 9.0 + 0.7 and -31.7
+ 2.4 cm? mol™!, respectively. Such negative activation vol-
umes suggest that the iron-ligand bond formation process
affects the overall bimolecular association rate for the R- and
T-state Hbs at ordinary pressure, which was previously sug-
gested by Murray et al. (1988a,b).

However, of much interest is the different pressure depen-
dence of the activation volumes for the R- and T-state Hbs.
Figure 6 shows that the activation volume for the T-state Hb
is almost constant at various pressures, whereas for the R-state
Hb the activation volume at high pressure (>1000 bar) is
rather close to zero. Since the ligand migration step prefers
a negative activation volume, it is likely that the ligand mi-
gration step contributes to the rate-limiting process for the
R-state Hb at high pressure, implying that the pressure reduces
the ligand migration rate and accelerates the bond formation
rate. Although we cannot rule out the possibility that the
pressure-induced activation volume change is caused by a
simple conformational change which does not affect the
rate-limiting step, the pressure-induced increase of geminate
rebinding also supports the reduction of the ligand migration
rate by pressurization. For the T-state Hb, however, the
pressure does not appear to affect the rate-limiting step so
much as that for the R-state Hb. To discuss such quite dif-
ferent behaviors of pressure dependence between two qua-
ternary structures, we utilize the free-energy diagram of the
ligand binding process.

By referring to the results of CO binding kinetics for Fe—Co
hybrid Hb (Murray et al., 1988a,b), we are able to show the
schematic free energy diagrams for binding of CO to Hb in
Figure 10. For the T-state Hb, the bond formation reaction
at the heme iron is the rate-limiting step, whereas bond for-
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mation and ligand migration processes appear to contribute
comparatively to rate determining for the R-state Hb. When
the bond formation rate is accelerated and the ligand migration
rate is slowed down by pressure for both quaternary structures
as mentioned above, are able to depict the free energy diagrams
at high pressure with the dashed curves in Figures 10. The
free energy barrier between HbCO-and Hb-CO is lowered and
the barrier between Hb-CO and Hb + CO is raised by pres-
surization, which may explain the pressure-induced switching
of the rate-limiting step from bond formation to migration for
the R-state Hb. For the T-state Hb, however, no change of
the rate-limiting step is caused by pressure, because the dif-
ference in the free energy barrier between the two processes
is too large to be affected. This explanation appears to be
further supported by our finding that the pressure induces an
increase in the geminate yield. That is, the lowered free energy
barrier for the bond formation at high pressure led to an
increase in the geminate yield. The free energy diagrams in
Figure 10 help us to interpret the different features of the
high-pressure kinetics between two quaternary structures,
although the effects of pressure on the rate of the elementary
steps have not yet been clearified.

Pressure Effects on the Kinetic Parameters— Activation
Enthalpy and Entropy. It has previously been reported that
positive and negative activation volumes often correspond to
positive and negative activation entropies, respectively (van
Eldik et al., 1989). This correlation has also been obtained
for the ligand binding reaction of myoglobin by Hasinoff
(1974), who showed that the CO binding reaction with
myoglobin experiences a negative activation volume (ca. -9
cm® mol™) and a large negative activation entropy (-81 J K™!
mol™'), while the O, recombination reaction exhibits a positive
activation volume (~ 5-8 cm? mol™!) and a smaller negative
activation entropy (=12 J K™! mol™!). Our present finding that
the activation entropy for the R-state Hb is changed from ca.
~15 at 1 bar to ca. -5 J K™ mol™! at 1000 bar appears to
correspond to the pressure-induced changes of activation
volume from ca. -9 to ~0 ¢cm® mol™!. Since the reduction of
the activation volume is considered to be caused by the com-
petitive contribution of both bond formation and ligand mi-
gration processes to the rate-limiting step, such changes in the
activation entropy could be due to the alteration of the rate-
limiting step.

In contrast to that of the R-state Hb, a quite different
pressure dependence of the activation enthalpy and entropy
was observed for the T-state Hb. Table I and Figure 8 show
that for the T-state Hb the pressure (800 bar) caused an ~6
kJ mol™! increase in the activation enthalpy and an ~13 J K™!
mol™! decrease in the activation entropy. Since the pressure
effects are opposite between the two quaternary state Hbs, the
pressure effects on the activation enthalpy and entropy for the
T-state Hb may result from the structural changes around the
heme cavity rather than the alteration of the rate-limiting step.
Our previous study suggested that the structural changes of
the T-state Hb are affected by pressurization more effectively
than those of the R-state Hb (Morishima & Hara, 1983).
However, it is unlikely that the pressure induces drastic
structural changes for the T-state Hb. In fact, our high-
pressure NMR study (Morishima & Hara, 1983) also showed
that the pressure only affects the local tertiary structure, but
not the quaternary structure. Such a small enthalpy change
was encountered for the single amino acid substituted myo-
globin (Braunstein et al., 1988). Comparison of the CO re-
binding rate between wild-type and a synthetic mutant myo-
globin where the distal histidine (His-E7) was replaced by
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glycine suggested that the replacement effect of His-E7
amounts to 4 kJ mol™ of the low enthalpy barrier. Therefore,
the pressure-induced free energy changes in the R- and T-state
Hbs could result from pressure-induced subtle structural
changes but not from the global alteration of the whole protein
structure.

In summary, the most characteristic feature of the present
high-pressure laser photolysis experiments of HbCO A is the
decrease of the millisecond apparent quantum yield. This
pressure sensitivity is caused by an increase in the fraction of
the nanosecond recombination reaction, and it is suggested that
pressure does not affect the intrinsic photodissociation rate.
The pressure and partial photolysis experiments gave nearly
the same fractional changes, showing a little pressure effect
on the R to T quaternary transition rates. The different
activation volumes and their pressure dependence between the
two quaternary structures, the R- and T-states, imply that the
dynamic state for the ligand binding is different between the
two quaternary states. For the R-state Hb, CO migration
through the protein contributes more to the rate-limiting step
at high pressure. The pressure-dependent activation entropy
also supports our conclusion that high pressure changes the
rate-limiting step for the R-state Hb.
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