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ABSTRACT: To clarify the effects of specific inter- and intrasubunit hydrogen bonds on the R-T transition
in human hemoglobin (Hb A), the recombination reaction of carbon monoxide with artificial mutant Hbs
was measured and analyzed. One of the hydrogen bonds we focused on is formed between Tyr-42a and
Asp-998 in the a1-32 interface of Hb A, which is one of the hydrogen bonds characteristic of the T state.
Hb His-42«, in which Tyr-42a is replaced by His to perturb this hydrogen bond, showed that the ligand-free
R to T transition rate was decreased by 20-fold compared with that for Hb A. This mutation caused the
destabilization of the transition state in the R to T quaternary structure change by about 7 kJ mol-!,
indicating that the hydrogen bond between Tyr-42a and Asp-998 plays a definite role in the R-T transition
as well as in stabilization of the equilibrium T state. Hb Phe-1458, in which Tyr-1458 is replaced by Phe
and the intrasubunit hydrogen bond between Tyr-1453 and Val-988 is lacking, also showed a slow R-T
transitionrate as observed in Hb His-42a. The published crystallographic data suggest that this intrasubunit
hydrogen bond stabilizes the transition state by reducing the freedom of motion of the C-terminus of the
8 subunit and, thereby, facilitates the R-T transition.
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Upon oxygenation or deoxygenation, human hemoglobin
A (Hb A) undergoes structural changes including a global
rearrangement of the intra- and intersubunit hydrogen bonds
(Perutz, 1970; Baldwin & Chothia, 1979; Perutzetal., 1987).
In such structural changes, the symmetrically related a8
dimers rotate by about 15° relative to each other, resulting
in atomic displacements as large as 6 A at the intersubunit
contacts (Baldwin & Chothia, 1979). Several natural mutants
having amino acid substitutions at the subunit interface have
been studied to gain an insight into the molecular mechanism
of cooperativity in oxygenation of Hb. The usefulness of
naturally occurring point mutants, however, is restricted by
limited availability of material and limited number of existing
substitutions (Imai et al., 1989). Previously, using genetic
engineering techniques, we synthesized several mutant Hbs
and investigated the effects of the hydrogen bonds located at
the a1-82 subunit interface or within the subunit on the
stability of the static tertiary and quaternary structures of Hb
(Imai et al., 1991; Ishimori et al, 1992). Our oxygen
equilibrium, UV-absorption spectrum, proton NMR spectrum,
and resonance Raman scattering data not only confirmed the
roles of specific hydrogen bonds previously predicted from
crystallographic data but also provided information regarding
some stereochemical effects of the amino acid side chains
participating in the hydrogen bonds.

In spite of the accumulation of information about the static
and equilibrium state of the mutant Hbs, little is known about
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the effect of the hydrogen bonds on the dynamic process in
oxygenation. In the present study, we will describe carbon
monoxide recombination kinetics of artificial mutant Hbs and
the effects of the hydrogen bonds on the R-T transition
dynamics. The mutant Hbs prepared are Hb Phe-42a (Tyr-
420 — Phe) and Hb His-42a (Tyr-42a — His), in which the
intersubunit hydrogen bond between Tyr-42a and Asp-9983
is absent and weakened, respectively, and Hb Phe-1458 (Tyr-
1458 — Phe), which lacks the intrasubunit hydrogen bond
formed between Tyr-1458 and the carbonyl group of Val-
988. Of all the hydrogen bonds existing in the Hb tetramer,
these intersubunit hydrogen bonds and the intrasubunit
hydrogen bond have been considered to serve as key inter-
actions contributing to the allosteric transition through studies
using natural and artificial mutants (Jones et al., 1967; Reed
et al., 1966; Weatherall et al., 1977; Charache et al., 1975;
Winslow et al., 1976; Imai et al., 1991; Ishimori et al., 1992).
Using these mutants, we performed laser-photolysis experi-
ments (Gibson, 1959; Gray, 1975; Sawicki & Gibson, 1976,
1977, Sawicki & Khaleque, 1983; Vandegriff et al., 1991)
combined with the “two-state model” simulation (Monod et
al., 1965) and obtained the R-T transition rates of those
mutants as well as wild-type Hb. On the basis of transition-
state theory, we will try to clarify the effects of hydrogen
bonding on the R-T transition dynamics.

MATERIALS AND METHODS
Preparation of Hemoglobins. Human Hb A was prepared

from whole blood by a standard method (Ishimori &
Morishima, 1988). Mutant Hbs were expressed in Escherichia

0006-2960/93/0432-10165804.00/0 © 1993 American Chemical Society



10166 Biochemistry, Vol. 32, No. 38, 1993
0.6 T T T T T T T
A
1 0.4
04
p
02 0.2
0.0 L L 0.0
0.6 T T T 0.6 T T T
c
0.4 0.4
g
<
0.2 0.2
00 .rl» 1‘0 1‘5 00 5 1'0 1'5

t/ms

t/ ms

FIGURE 1: Millisecond time courses for the recombination of ~0.5—
0.7 mM CO with native and mutant Hbs: (A) Hb A, (B) Hb Phe-
1458, (C) Hb His-42a, and (D) Hb Phe-42a. 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 concentrations were (A) 103,
(B) 101, (C) 100, and (D) 103 uM on a heme basis, and CO
concentrations were (A) 0.63, (B) 0.56, (C) 0.58, and (D) 0.54 mM.

coli from a synthetic gene according to Nagai et al. (1985)
and purified to homogeneity as described by Imaiet al. (1991)
and Ishimori et al. (1992). All experiments were carried out
at 20 °C in 50 mM Tris-0.1 M CI-, pH 7.0.

Kinetic Measurements. Bimolecular association rate con-
stants were determined by flash photolysis using a pulsed dye
laser system and an apparatus consisting of a photographic
strobe unit (Sunpack Auto 622), whose pulse width was ~0.5
ms. Details of the apparatus were described previously (Unno
et al.,, 1990). In order to minimize dimer formation, 1-mm
path length cells and high concentrations of protein samples
[~100 uM (heme)] were used. The sample cell was placed
at a 45° angle to the excitation source and the absorbance
spectra were monitored at right angles to the excitation light.
The monitoring wavelength was 436 nm, which is an isosbestic
point for the R- and T-state Hb.! The association rate
constants for the R-state molecular species were obtained from
the partial photolysis technique (<10% photolysis) by the laser
system. The half-peak duration of the excitation pulse (300
ns) is short enough to measure the R to T transition rate
(Sawicki & Gibson, 1976; Hofrichter et al., 1983; Mathews
et al., 1989). To the observed time courses was fitted a two-
exponential expression with equal amplitudes for the two
phases (Mathews et al., 1989).

In the case of CO rebinding to the T-state species, ~40%
photolysis was performed by the photographic strobe unit.
The time courses were simulated by a single exponential in
the time range of ~4-18 ms. In the R and T state of the
mutants, the residuals of the observed time course minus the
best-fit exponential line exhibit a random distribution about
a mean value of zero (data not shown), indicating the time
courses for the mutants can be simulated by the same
exponential expressions as for native Hb A.

Formulation of Two-State Model. Equations 1-7 present
the formulations of the two-state model used in the present
study:

1 To provide more direct access to the kinetics of the R-T transition,
we tried to measure kinetics at other wavelengths. For example, we also
used 425 nm, an isosbestic point for the spectral change between deoxy
R-state Hb and carbonmonoxy R-state Hb, so that we could estimate the
R-T transition rate directly. However, we failed to get any reliable data
by measuring kinetics at such other wavelengths since the fraction of the
T-state was too small to simulate in our mutant hemoglobins.
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This model, which includes dimerization, has proved to be
usefulin the study of reactions of CO and O, with Hb (Sawicki
& Gibson, 1976, 1977; Sawicki & Khaleque, 1983; Vandegriff
etal., 1991). Inthesimulation, we partially took intoaccount
the chain difference, because the CO rebinding rate constant
for only the R-state Hb can be obtained separately for the «
and 8 subunits. In eqs 1-4, Hbr(a,»B8,) and Hbr(amBy) re-
present R- and T-state Hbs with (m + n) bound CO molecules,
and k(Ra), k(RB), and k(T) denote the rate constants for CO
rebinding to the « and B subunits of the R-state Hb and to
the T-state Hb, respectively. Thermal dissociation of CO
from Hb during the CO rebinding reaction (Sharma et al.,
1976) and the dimer reassociation following photolysis (Kellett
& Gutfreund, 1970; Wiedermann & Olson, 1975) were
neglected, since they are too slow to contribute to the observed
kinetics in the present experiments. The transition changes
between the R and T quaternary structures is represented by
eq 5. L and c, respectively, are the equilibrium constant
between unliganded Ry and Ty and the ratio of the ligand
association equilibrium constant for the T state to that for the
R state. Kj is the rate of the conformational change from
unliganded R state (Ro) to unliganded T state (Tg). Roto Ty
conformational change rate is reduced by a factor d at each
ligand binding to the R-state. CO binding to dimers at the
R-staterateis represented by eqs 6 and 7. D(a,8,) represents
the dimer species with (m + n) bound CO molecules. We also
assumed that the quantum efficiencies of the a and 8 subunit
in Hb tetramer are the same, since those of the isolated a and
Bchains were approximately the same (Hofrichteretal., 1985),
and that the quantum efficiency is independent of the degree
of photolysis. Thus, partial photolysis was assumed to produce
a binomial distribution of the intermediates.

RESULTS

Time Courses for CO Recombination with Native and
Mutant Hemoglobins. Typical time courses of 436-nm
absorption for the CO recombination with Hb A, Hb Phe-
1458, Hb His-42«a, and Hb Phe-42« after ~50-60% laser
photolysis are shown in Figure 1, panels A-D, respectively.
It is well documented that the initial portions of the time
course (0— ~1 ms) correspond to the CO recombination to
the R-state Hb and the slower relaxations (~ 1-18 ms) result
from recombination to the T-state Hb (Gibson, 1959; Antonini
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Table I: Typical Empirical Parameters for CO Bimolecular
Association with Hb A, Hb Phe-1458, Hb His-42q, and Hb

Phe-42a%
kon (M-t 57)
R state
a subunit 8 subunit T state

HbA (4.54 £ 0.06) X 10 (1.29 £0.02) X 107 (2.39 £0.02) X 105
Hb lilis- (3.32£0.01) x 105 (1.11£0.01) X 107 b

420
Hb Phe- (3.40£0.34) X 106 (1.10£0.11) X 107 b

420
Hb Phe- (4.84 £0.09) X 105 (1.33 £0.05) X 107 (2.70 £ 0.32) X 10°

1458

a Experiments were performed with a millisecond laser photolysis
apparatus in 50 mM Tris—0.1 M Cl-, pH 7, at 20 °C. The rate constants
of the R-state Hb were evaluated by simulating the observed absorbance
traces with a biexponential expression, and the rate constants of the T-state
Hb were evaluated by simulation with a single-exponntial expression as
described in the text. The values listed represent the average of fits to
five runs. Each run is an average of 3—10 laser shots. The errors listed
are the standard deviation from the mean. # The rate constants of the T
state for Hb His-42c and Hb Phe-42a could not be determined since the
fraction of the T-state Hb was too small in both mutants.

& Brunori, 1971; Antonini et al., 1972; Schmelzeret al., 1972).
The most characteristic feature of the time courses of the
mutants as compared with that of Hb A is the remarkable
decrease in the slow component, which corresponds to CO
recombination to the T-state Hb. Hb Phe-42« has almost no
fraction of the slow component. Such a drastic decrease in
the slower kinetic component was also encountered in CO
binding kinetics of viscous solution systems (Sawicki &
Khaleque, 1983). By fitting the two-state model (Monod et
al., 1965) to their kinetic data, they concluded that the decrease
of the slow fraction was caused by a slower R to T transition
rate. Findsen et al. (1988) also supported this view by their
time-resolved resonance Raman spectra measurements in
glycerol solution systems. Thus, the present mutational effect
observed by us could also be caused by the reduced R-to-T
transition rates for the mutants. To confirm the change in
the R-T transition rates, we carried out two-state model fitting
to the time courses at 436 nm.

Simulations and Parameters. The differential equations
derived from egqs 1-7 were iteratively solved by using Euler’s
numerical method at 1-us intervals with a digital computer,
giving appropriate parameter values and simulated rebinding
curves.2 In Table II are shown the values of L and ¢ for Hb
A and the mutant Hbs, which were obtained from our oxygen
equilibrium curve measurements (Imai et al., 1991; Ishimori
et al., 1992). The tetramer—dimer dissociation constant K »
was set to be 3 uM for Hb A (Andrews, 1964; Kellet, 1971;
Chu & Ackers, 1981) and Hb Phe-1458, and 79 uM for Hb
His-42a and Hb Phe-42a.3 The CO binding rate for the R-
and T-state Hbs [k(Ra), k(R@), and k(T)] were determined
experimentally in the present study (Table I). As the
parameter 4 for Hb A and the mutant Hbs, we adopt the
value of 2.5,4 which was used in some previous studies (Sawicki
& Gibson, 1976; Sawicki & Khaleque, 1983). Thus, only one
free parameter, Kj, was set variable to obtain the best fit in
the model calculations to the experimental rebinding data.

Simulations for R to T Transition. Figure 2 shows the
results of simulations for Hb His-42a and Hb Phe-1458. For
Hb Phe-42«, however, the thermodynamic properties were so

2 Numerical integration with time intervals less than 1 us gave the
same results.

3 H. Morimoto, K. Imai, G. Fushitani, K. Miyazaki, K. Ishimori, and
I. Morishima, unpublished data.
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FIGURE 2: Open circles are data points of 436-nm absorption for Hb
A (A), Hb His-42« (B), and Hb Phe-1458 (C) depicted in Figure
1. Thesolid curves were calculated from the best-fit parameter values
for the two-state model (Table II).

Table II: Best-Fit Parameter Values for Two-State Model
Simulation and for Native and Mutant Hemoglobins®
Ko X 103/

L che d? Kyp° (uM) (s
Hb A 1.5X 105 0.0045 2.5 3 19
Hb His-42«¢  9.0X 102 0.07 2.5 79 1
Hb Phe-42a 2.9 0.42 2.5 79 g
Hb Phe-1458 7.0Xx 105 0.008 2.5 3 2

2 Experimental conditions are as in Figure 1. The values of k(Ra),
k(RB), and k(T) used for simulations were determined by multiplying
the average values of ko, represented in Table I by the CO concentrations
given in Figure 1. The values of k(T) could not be determined because
of too-small fractions of the T-state in both Hb His-42c: and Hb Phe-42a.
For simulations of the two mutants, the k(T) obtained for Hb A was used
instead. ¢ From values of our oxygen equilibrium curve measured in 50
mM bis-Tris containing 0.1 M ClI-, pH 6.8-6.9, at 25 °C (Imai et al,,
1991; Ishimori et al., 1992). ¢ The values of ¢ were obtained as ¢ = Kt/
Kr. Kt and KR are oxygen association equilibrium constants for the
T-state and R-state Hbs, respectively. 4 See text. ¢ Determined by gel
filtration method (see text). / See text. # The best-fit values could not be
obtained because of the large change in the equilibrium properties for
Hb Phe-42a (see text).

different from those of Hb A that we could not determine the
R-T transition rate. For Hb A, the best-fit value of K, was
1.9 X 104 57! (Table II), which corresponds to 53 us as a
lifetime and is in good agreement with the previous results
(Vandegriff et al., 1991; Hofrichter et al., 1983; Murray et
al., 1988; Su et al., 1989; Kaminaka et al., 1990).

4 The d value which is the linkage factor to estimate K in this two-
state model is presumptive and we were not able to exclude the possibility
that other d values fit the time course data. In fact, we were able to get
the reasonable fits in the model calculations to the experimental rebinding
data with the Kj value fixed and the d value variable. In this case, the
d value was allowed to become as large as 50. It is unlikely that Hb
His-42a and Hb Phe-1458 exhibit such a large d value because these
mutants showed mild structural and functional defects as previously
reported (Ishimori et al., 1989, 1992; Imai et al., 1991). It was also
confirmed that small deviations in the d value (e.g., from 2.5 to 5) resulted
in slight changes in the K value.
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FIGURE 3: Free energy diagrams for the R, to Ty transition of Hb
His-42a (A) and Hb Phe-1458 (B) (thin lines) compared with that
of Hb A (thick lines) plotted versus the reaction coordinate for the
Roto Ty transition. The free energy differences between unliganded
Ro and T, states were calculated from eq 8. The differences of the
free energy at the transition state between Hb A and the mutant Hbs
were calculated from eq 9.

In the simulation of Hb His-42¢;, at first we fixed the value
of Ko to that obtained for Hb A (1.9 X 10% s~!) and adopted
the values of L, ¢, and Kj; in Hb His-42¢. The calculated
curve was not able to simulate the data points of Hb His-42a,
indicating that the major differences in the time courses
between Hb A and Hb His-42« cannot be accounted for by
the differences in the equilibrium properties. To obtain
reasonable fitting, we varied K and obtained 1 X 10° 5! as
a best-fit value (Figure 2B and Table IT). On the other hand,
Hb Phe-1458 has equilibrium parameter values which are
quite similar to those of Hb A (Table II). Simulations were
performed by varying the value of Ky and a best-fit value of
Ko = 2 X 103 s7! was obtained (Figure 2C and Table II).

Effects of the Hydrogen Bonds on the R-T Transition.
Based on Kp and L in Table II, free-energy diagrams for the
Rg-Totransition of Hb His-42« and Hb Phe-1458as compared
with Hb A are drawn schematically in Figure 3, panels A and
B, respectively, where the free energy of the system is depicted
as a function of the reaction coordinate of the Rg to Ty
transition. Bold lines represent the free-energy diagram for
Hb A, and thin lines are for the mutant Hbs. The free energy
of the R state is used as a reference state because the previous
spectroscopic studies indicated that the R-state structure of
the mutant Hbs is similar to that of Hb A (Imai et al., 1991;
Ishimori et al., 1992).5 The difference in the free energy
between Rg and To (AGR-7) for each Hb was calculated from
the allosteric constant L as

AGgr=-RTInL (8)

where R is the gas constant and 293.15 K was used for the
temperature 7. The free-energy barrier at the Ry to Tp

5 In Phe-1458, since the intrasubunit hydrogen bond is ruptured in the
oxygenated state as well asin the deoxygenated state, this breakage might
cause destabilization in the equilibrium R state.

Togi et al.

transition (AG*r—t) is given by
AG'p_.1 = —RTIn (Ky/v) ()]

where » is the preexponential factor (Glasstone et al., 1941).
As we are only interested in relative changes in the AG*g—t
by mutations, an absolute value of » is not important. For Hb
His-42aand Hb Phe-1458, about 20-fold and 10-fold decreases
in Ky as compared with Hb A (Table II) correspond to about
7.2 and 5.5 kJ mol-! rises in AG*r_, respectively (Figure
3A).

DISCUSSION

Effects of the Hydrogen Bond between Tyr-42a and Asp-
998. In previous studies of natural and artificial mutant Hbs
(Jonesetal., 1967; Reed et al., 1966; Weatherall et al., 1977;
Imai et al., 1991; Ishimori et al., 1992), the hydrogen bond
between Tyr-42« and Asp-998 has been proved to be crucial
for cooperative oxygen binding. The complete lack of the
slow CO-rebinding component in Hb Phe-42« indicates that
the breakage of this hydrogen bond prevents the R-state Hb
from converting into the T state due to the remarkable
destabilization of the T state and/or the transition state
between the R and T states. The degree of destabilization in
the T state was estimated as 28 kJ mol-! by eq 8. However,
the stability of the transition state remains unknown because
we were not able to measure the R-T transition rate of Hb
Phe-42a.

Our previous paper (Imai et al., 1991) reported that Hb
His-42« exhibited mild functional and structural defects, which
are ascribed to a perturbed hydrogen bond formed between
His-42c and Asp-998 in the deoxy state. Figure 3A shows
that the mutation «42Tyr — His also destabilizes the T-state
Hb by 17 kJ mol-1, suggesting that the T state of Hb His-42«
is more stabilized than that of Hb Phe-42« by the hydrogen
bond between His-42« and Asp-998. In the transition state,
abouta 7.2 kJ mol! rise in AG*g_.1 (Figure 3A) was observed.
The observed changes in AG*r—.1 for Hb His-42& can be
attributed to a mutational impairment of the hydrogen bond
in the transition state. These considerations lead us to the
conclusion that the hydrogen bond between Tyr-42c and Asp-
998 exerts a stabilization effect on the transition state. In
other words, since the free energy contribution of one hydrogen
bond in protein systems is estimated as 4-8 kJ mol-! (Perutz,
1970; Fersht et al., 1985), the hydrogen bond between Tyr-
42« and Asp-998 is probably formed at the transition state
inabout a half degree compared with the equilibrium T-state.

Eaton and co-workers (Hofrichter et al., 1991; Eaton et al.,
1991) suggested that the transition state for the R to T
quaternary structure change has much more R-like than T-like
thermodynamic properties. In our study, the perturbation of
the T-state-specific hydrogen bonds located at the subunit
interface affected the stability of the transition state for the
R to T structural change. Our study also indicates that the
quaternary structure of the transition state as watched at the
subunit interface is more or less T-like structure as far as the
hydrogen bonding is concerned.

Effects of the Hydrogen Bonds between Tyr-1458 and Val-
988. The 1458 natural mutants which have been discovered
to date fail to retain the T-state conformation in the
deoxygenated form, resulting in high oxygen affinities and
diminished cooperativity (Charache et al., 1975; Winslow et
al., 1976). For our mutant, Hb Phe-1458, in which the
intrasubunit hydrogen bond is absent, the T-state is almostas
stableas that for Hb A (Figure 3B). Further, thereplacement
of the Tyr with Phe did not drastically affect the equilibrium
function and the static structure of Hb (Ishimori et al., 1992).
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The free energy loss caused by the rupture of the hydrogen
bonds is probably compensated by some interaction involving
the benzene ring of Phe-1453 as suggested in our previous
paper (Ishimori et al., 1992).

However, the time course of the CO rebinding to Hb Phe-
1458 is quite different from that to Hb A. This mutant Hb
showed about a 10-fold decrease in Ko compared with the Kj
value for Hb A (Table II). This decrease in Ky corresponds
toabout a 5.5 kJ mol-! rise in AG*g_.1 (Figure 3A). The loss
of the stabilization energy of the R-T transition in Hb Phe-
1458is close to that in Hb His-42«, implying that the hydrogen
bond between Tyr-1458 and Val-988 also contributes to the
stabilization of the transition state between the R and T states.

The crystallographic data for Hb A provide a more precise
picture of the effects of the hydrogen bonds on the transition
state. According to therefined crystalstructure of oxygenated
Hb (Shaanan, 1983), Tyr-1458 is hydrogen-bonded to Val-
9883 in both the oxygenated and deoxygenated states. This
hydrogen bond will reduce the freedom of motion for the
C-terminus of the 8 chain, thus stabilizing it in a conformation
which may energetically facilitate re-formation of the inter-
subunit salt bridges upon transition back to the T state. For
Hb Phe-14583, the increase in the mobility for the C-terminus
of the 8 subunit possibly caused by the cleavage of the hydrogen
bond would destabilize the transition state, resulting in the
slow R-T transition rate.

It is of interest that both of the two hydrogen bonds we
focused on in the present study exert similar influences on the
stabilization of the transition state, while the stabilization
effects on the equilibrium T state are quite different. The
difference in stabilization of the equilibrium T state is
accounted for as follows. The rupture of the hydrogen bond
between Tyr-1458 and Val-988 is considered to be compen-
sated by some interactions involving the benzene ring of Phe-
1458 in the equilibrium state, as mentioned above, whereas
the hydrogen bond between Tyr-42a and Asp-998 cannot be
replaced by other interactions.

In summary, the mutation at the 42« site drastically
decreases the R-T transition rate and clearly shows that the
hydrogen bond between Tyr-42« and Asp-998 is one of the
key interactions in the R-T transition state as well as in the
equilibrium T state. It is also suggested that in Hb A this
hydrogen bond remains partially formed in the transition state
between the R and T states and the transition state has a
T-like structure as long as the subunit interface is concerned.
The intrasubunit hydrogen bond between Tyr-1458 and Val-
988 also stabilizes the transition state, as does the hydrogen
bond between Tyr-42a and Asp-993, whereas the former shows
a small contribution to the stabilization of the equilibrium T
state.
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