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ABSTRACT We have measured the rebinding of carbon monoxide (CO) to some distal mutants of myoglobin (Mb) in the time
range from 10�8 to 10�1 s by flash photolysis, in which the photodissociated CO rebinds to the heme iron without escaping
to the solvent water from the protein matrix. We have found that the double mutants [His643Val/Val683Thr (H64V/V68T) and
His643Val/Val683Ser (H64V/V68S)] have an extremely large geminate yield (70–80%) in water at 5°C, in contrast to the 7%
of the geminate yield of wild-type Mb. The CO geminate yields for these two mutants are the largest in those of Mb mutants
reported so far, showing that the two mutants have a unique heme environment that favors CO geminate rebinding.
Comparing the crystal structures and 1H-NMR and vibrational spectral data of H64V/V68T and H64V/V68S with those of other
mutants, we discuss factors that may control the nanosecond geminate CO rebinding and CO migration in the protein matrix.

INTRODUCTION

The geminate ligand rebinding processes are observed in
flash photolysis experiments of many hemoproteins, includ-
ing myoglobin (Mb) and hemoglobin (Hb). In the geminate
process, the photodissociated ligand, such as CO, NO, and
O2, remaining in either the heme pocket or the protein
matrix rebinds to the heme iron without escaping to the
solvent region. The geminate process is directly relevant to
the protein dynamic process in the ligand binding reaction,
because the structures of Mb and Hb are packed, and
dynamic conformational fluctuations must take place for the
ligand to migrate between the heme pocket and the solvent
water. Therefore, studies on the geminate reaction process
provide useful information on the relationship of the protein
dynamic fluctuation with ligand diffusion, migration, and
rebinding. Many workers have studied the CO geminate
process and found that several physical conditions such as
temperature and solvent composition alter the kinetic pa-
rameters of this process significantly (Lambright et al.,
1994; Balasubramanian et al., 1993; Huang and Boxer,
1994; Tian et al., 1993, 1996; Henry et al., 1983; Ansari et
al., 1994; Jongeward et al., 1988; Chatfield et al., 1990;
Gibson et al., 1986; Carver et al., 1990; Austin et al., 1975;
Steinbach et al., 1991). It has been known that heme pocket
amino acid replacement also affects the CO geminate pro-
cess. For example, Carver et al. and later Lambright et al.
reported that the Mb single mutants, e.g., His643Leu
(H64L) and Leu293Phe (V68F), have relatively large am-

plitude of the CO geminate rebinding (geminate yield). In
addition, Huang and Boxer reported on the basis of the
results of the random mutation of Mb that the CO geminate
yield is largely affected by the mutation. However, struc-
tural factors responsible for the geminate yield, in particular
in the nanosecond time range, have yet to be determined. In
the present study we have successfully prepared mutant
Mbs that exhibit as much as 70% geminate yield in the
nanosecond domain and evaluated structural characteristics
of the mutants with spectroscopic techniques. From these
findings we can gain new insights into the relationships
between the protein dynamics and ligand migration in proteins.

EXPERIMENTAL PROCEDURES

Mutants of myoglobin

The recombinant sperm whale Mb was expressed in E. coli (AR68) with a
newly constructed expression system (Dou, 1997), which was based on a
modified synthetic gene of Springer and Sligar (1987) and an expression
vector, pLcIICFX (Nagai and Thogersen, 1984; Varadarajan et al., 1985).
Mb proteins, which have a proper amino acid at position 122 (Asp) without
the initiator Met, were isolated and purified as described previously (Ikeda-
Saito et al., 1991). Samples for the flash photolysis experiments were 10
�M protein in 0.1 M potassium phosphate buffer in H2O at pH 7. We did
not use a water/glycerol mixture as the solvent.

Flash photolysis measurements

The flash photolysis experiments were carried out using an instrument
constructed by UNISOKU (Osaka, Japan) at 5°C. CO adducts of ferrous
Mbs were excited with 6-ns (FWHM) pulses from a Q-switched Nd:YAG
laser (Surelite I, Continnum). The beam spot was transformed into an
ellipsoid by using a cylindrical lens and allowed to fall onto the quartz
window of the sample cell (1 cm). The incident energy was �10 mJ. The
absorption changes were monitored by a CW weak probe light from a
150-W xenon arc lamp passed through a monochromator. The probe
wavelength at 440 nm was used for the detection of the absorption change
after CO photolysis. The detector was protected from scattered excitation
laser light by two blue filters with maximum throughout at 400 nm
(Surugaseiki). A photomultiplier (R2949; Hamamatsu Photonics) detected
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the transmission, and a Iwatsu DS-8631 oscilloscope digitized the transient
signal, which was averaged 256 times. The data were collected with a
personal computer (PC9801BX/M2; NEC) that set the time domain for the
oscilloscope and accumulated the signals. The transmitted intensities It at
time t were converted to absorbance change �At with the equation �At �
�log10(It/I0), where I0 is the transmitted intensity before the excitation
pulse. Zero time was taken to correspond to the maximum of the absor-
bance difference. The data were then averaged on a log scale from 5120 to
7680 points.

Resonance Raman and 1H-NMR
spectral measurements

The resonance Raman spectra of the Mbs in the deoxy and the CO bound
states were measured with a JASCO NR-18000 spectrometer equipped
with a liquid nitrogen cooled CCD detector, excited at 441 nm from a
He-Cd vapor laser (Kimmon Elect. Co., Saitama, Japan) and at 407 nm
from a krypton ion laser (Innova90; Coherent). 1H-NMR spectra of deoxy
Mbs were measured at 270 MHz on a Bruker spectrometer at 20°C.

RESULTS AND DISCUSSION

CO rebinding kinetics of H64V, V68T, and H64V/
V68T mutants of myoglobin

Fig. 1 illustrates the heme environment of the Mbs em-
ployed in this study: wild-type (WT), His643Val (H64V)
(Quillin et al., 1993), Val683Thr (V68T) (Smerdon et al.,
1991; Cameron et al., 1993), and His643Val/Val683Thr
(H64V/V68T) (Smerdon et al., 1995). We have measured
the CO rebinding reaction for these Mbs at 5°C by flash
photolysis in a time range of 10�8 to 10�1 s. Their kinetic
traces are shown in Fig. 2 A, and the results of the quanti-

tative analysis of the traces are compiled in Table 1. The
kinetic features for WT and H64V are essentially the same
as those reported previously (Lambright et al., 1994; Tian et
al., 1993; Henry et al., 1983; Jongeward et al., 1988), where
the CO geminate yields were 7% and 0%, respectively. The
substitution of threonine for Val68 in WT Mb, i.e., V68T,
hardly changed the CO geminate yield (Smerdon et al.,
1991). An extremely large CO geminate yield (I1 � I2;
72%) is observed in H64V/V68T. These results show that
the effect of mutation on the CO geminate yield is not
additive but is significantly increased upon the substitution
of the polar group (-CH(OH)CH3) for the nonpolar isopro-
pyl group (-CH(CH3)2) of Val68 in H64V.

To test the effect of introducing a polar group at position
68 in H64V on the CO geminate yield, we have also
examined CO rebinding to H64V/V68S and H64V/V68N
(Fig. 2 B). Ser68 has a hydroxyl group as Thr68, and Asn68

has a polar amide group. The serine substitution effect on
the CO geminate yield is the same as the threonine substi-
tution, as shown in Table 1: 15% for V68S and 71% for
H64V/V68S. In contrast, H64V/V68N shows a CO gemi-
nate yield of only 14% (Fig. 2 B). These results show that
the specificity of the OH group at position 68 in H64V is
one of the major factors responsible for the large CO gem-
inate yield.

For comparison, the CO rebinding kinetic trace of H64L,
which we have measured under the same conditions, is also
presented in Fig. 2 B. Olson, Boxer and their co-workers
have reported an enhanced geminate yield for this mutant
(Carver et al., 1990; Lambright et al., 1994; Tian et al.,

FIGURE 1 Heme environment of WT,
H64V, V68T, and H64V/V68T of Mbs in
the Met form, determined by x-ray crystal-
lography. The residues at positions 64 and
68 of heme are illustrated. Coordinates of
WT, H64V, V68T, and H64V/V68T of Mbs
were taken from PDB, whose code numbers
are 1vxf, 2 mgj, 1myj, and 1mnk, respec-
tively.
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1996). Inspection of Fig. 2 shows how large the CO gem-
inate yields are in H64V/V68T and H64V/V68S, compared
with those of other mutants. Many workers have measured
the CO flash photolysis of a large number of distal mutants
of Mb (Lambright et al., 1994; Huang and Boxer, 1994;
Carver et al., 1990; Smerdon et al., 1991, 1995; Cameron et
al., 1993). We, too, have measured those for H64F, V68N,
H64V/V68I, and H64V/T67R/V68I, where the residues re-
sponsible for the bimolecular CO binding reaction have
been modified. From this study, we conclude that Val64 and
Thr/Ser68 are the best couple rendering the largest CO
geminate yield at present.

To simply represent the effect of the Val68 mutation of
H64V, we compare the energy diagrams of CO binding for
H64V/V68T (large geminate mutant) and H64V/V68N
(small geminate mutant) in Fig. 3, which are drawn based
on kinetic parameters calculated using the simple sequential
model (Carver et al., 1990; Smerdon et al., 1991). The most

noticeable difference is that the Mb:CO state, i.e., the first
geminate state, relative to the MbCO state is energetically
more unstable in H64V/V68T than in H64V/V68N, and that
the most inner energy barrier from Mb:CO to MbCO states
is significantly lower in H64V/V68T than in H64V/V68N.
Because of the relatively unstable Mb:CO state and the
lower inner energy barrier, CO rebinding from the protein
inside (the Mb:CO state) should be facilitated, causing a
larger CO geminate yield for H64V/V68T than for H64V/
V68N.

Structural information on the mutants

To examine the large CO geminate yield of H64V/V68T
and H64V/V68S in structural terms, we have measured their
1H-NMR and resonance Raman spectra in the deoxy state
and compared them with those of other mutants (Table 1).

FIGURE 2 (A) Kinetic traces of
the CO rebinding for WT, H64V,
V68T, and H64V/V68T measured in
aqueous solution at pH 7 and 5°C.
(B) Kinetic traces of the CO rebind-
ing for H64V/V68S, H64V/V68N,
and H64L measured in aqueous solu-
tion at pH 7 and 5°C .
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The stretching band of the Fe-NHis93 bond is located at
220 � 1 cm�1 for all of the mutants studied here, indicating
that the proximal structure is the same among the Mb
mutants, and that the difference in the CO geminate yield

comes from structural differences in the distal pocket. The
proximal His93 NH signals in the 1H-NMR spectra of our
mutants, except for H64V, are located relatively in the
high-field region. La Mar et al. (1994) showed that the

TABLE 1 Kinetic parameters of the CO rebinding reaction for Mb mutants, the �(CO) in their ferrous CO forms, and the 1H-
NMR chemical shift of His93 NH in their deoxy forms

Geminate 1
kg1 � 10�7 (s�1)

[I1 (%)]

Geminate 2
kg2 � 10�6 (s�1)

[I2 (%)]

Bimolecular
kon � 10�5 (M�1 s�1)

[Ib (%)]
Main �(CO)

(cm�1)

Proximal His
NH for deoxy form

(ppm)

WT — 1.1 1.14 1944* 77.8§

[7%] [93%]
H64V — — 16 1966* 86.8§

[100%]
V68T 1.6 — 0.90 1961* 78.3#

[5%] [95%]
H64V/V68T 0.91 0.87 71 1984* 81.8#

[55%] [17%] [28%]
V68S 0.43 0.20 1.6 1945* 77.5#

[8%] [7%] [85%]
H64V/V68S 0.57 0.79 52 1976# 80.0#

[57%] [14%] [29%]
H64V/V68N 0.74 0.98 36 1933# 79.5#

[3%] [11%] [86%]
H64L 1.5 2.2 110 1965* 88.5§

[30%] [9%] [61%]

N	t
 � I1exp��kg1t� � I2exp��kg2t� � Ibexp��kbt�, where kg1 and kg2 are the rate constants for the fast and slow geminate processes, kb is the observed
first-order rate constant for the bimolecular association process, and Ig1, Ig2, and Ib are the fractions of the fast geminate, slow geminate, and bimolecular
processes, respectively. Kinetic data were obtained at 5°C, and resonance Raman and 1H-NMR spectra were measured at 20°C.
*Smerdon et al. (1991).
#This work.
§La Mar et al. (1994).

FIGURE 3 Energy diagrams for CO binding to H64V/V68T and H64V/V68N. Free energies were calculated according to the method of Carver
et al. (1990). To compare the effect of the amino acid substitution, we used a simple four-state model as the sequential model: MbCO 7 Mb:CO 7
Mb::CO 7 Mb � CO
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proximal His93 NH signal position in deoxy (ferrous) he-
moproteins is sensitive to the presence or absence of the
noncoordinated water molecule in the distal heme pocket.
According to their suggestion, the present NMR result
shows a hydrophilic environment in the distal heme pocket
of H64V/V68T and H64V/V68S. As evaluated by x-ray
crystallography (see Fig. 1), a comparison of the distal heme
pocket structure, especially between H64V and H64V/
V68T, clearly shows that the side-chain volume of the
residue at position 68 is not the major factor in controlling
the CO geminate yield, but that the presence of the non-
bonding paired electrons from the O atom of the polar -OH
group at position 68 adjacent to the iron-bound CO is
responsible for the large CO geminate yield.

We especially consider the stretching frequency of the
iron-bound CO, �(CO), which is now recognized as the
index for an environment of the bound-CO in the heme
pocket. The �(CO) of V68T is located at a position (1965
cm�1) (Cameron et al., 1993) different from that of H64V/
V68T (1984 cm�1), despite the similarity of the static
structure in the immediate vicinity of the iron-bound CO.
This is also true for V68S (1947 cm�1) and H64V/V68S
(1976 cm�1) (Li et al., 1994) (Table 1). Furthermore, a
comparison of H64V/V68T and H64V/V68S to H64V/
V68N shows that the former two mutants give a large CO
geminate yield, whereas the latter does not, although they
all have a polar residue at position 68 and Val at position 64.
We observe the �(CO) of H64V/V68N at 1933 cm�1 (Table
1). Therefore, the nonbonding paired electron of the O atom
at position 68 and the nonpolar small (Val) residue at
position 64 are the best combination, generating a special
environment in the distal heme pocket that eventually in-
fluences the energetic state of the CO molecule for the
rebinding reaction and reduces the inner kinetic energy
barrier.

Ligand rebinding in the nanosecond phase

The ligand rebinding in Mb has been examined with many
experimental and theoretical techniques. Recent cryocrys-
tallographic studies of MbCO under light illumination
(Teng et al., 1994; Schlichting et al., 1994; Hartmann et al.,
1996) and molecular dynamic calculations (Vitkup et al.,
1997) have shown that the photodissociated CO is located in
the heme pocket. Time-resolved IR studies (Lim et al.,
1995, 1997) have suggested the presence of a special site,
the so-called docking site, in the distal heme pocket for
trapping the photodissociated CO. The docking site is above
the pyrrole ring C of the heme and is surrounded by some
side chains, including His64 imidazole and Val68 isopropyl
groups. The dissociated CO is initially trapped in this site.
Some of the CO molecules immediately rebind to the heme
iron, yielding the picosecond geminate phase. Some diffuse
from the heme pocket and protein matrix and escape to the
solvent water for subsequent bimolecular rebinding, or re-
bind to the heme iron from the protein matrix in the nano-

second geminate phase. In contrast to the picosecond phase,
in which ligands rebind from the immediate vicinity of the
iron, the nanosecond phases at room temperature represent
the rebinding of ligands from positions located in the pro-
tein matrix, but quite far from the iron (Ansari et al., 1994).

Three mechanisms have been reported for enhancement
of the ligand (CO, O2, and NO) geminate recombination
(Olson and Phillips, 1996; Gibson et al., 1992): 1) trapping
the ligand adjacent to the iron by packing the back of the
distal pocket with large residues; 2) eliminating steric hin-
drance for ligand approach to the iron atom; and 3) enhanc-
ing the reactivity of the iron atom by proximal effect. In the
case of H64V/V68T and H64V/V68S, mechanism 3 can be
clearly ruled out, because their proximal structures are un-
changed from the WT protein, as manifested by the Fe-
NHis93 stretching frequency and the proximal His93 NH
chemical shift.

An example of mechanism 1 is V68F Mb, which shows
a relatively large geminate yield for the ligand in the nano-
second time domain (Ikeda-Saito et al., 1993). Because of
the large Phe68 side chain, the ligand cannot move away
from the iron atom. In addition, Peterson et al. (1997) have
reported that Hb from the nematode Ascaris suum has a
moderately large CO geminate yield in the nanosecond time
range, but that, upon replacing its B10 Tyr with Phe, the CO
geminate yield is dramatically decreased. On the basis of the
kinetic observations, B10 Tyr in Hb Ascaris was proposed
to be involved in making a tight “cage” through a hydrogen
bond network, preventing the initial movement of the pho-
todissociated ligand away from the iron atom. This expla-
nation was based on the observation that the Leu293Phe
replacement (L29F mutant) increased the geminate yield in
the O2 and NO rebinding in sperm whale Mb (Gibson et al.,
1992; Olson and Phillips, 1996). The large Phe29 side chain
contributes to the “cage.” From these results, we could
explain the extremely large CO geminate yield in H64V/
V68T and H64V/V68S in terms of the tight “cage” in the
heme distal pocket. However, in the case of Hb Ascaris and
L29F, the bimolecular rebinding of CO is relatively slow,
because of the energy barrier of the tight “cage.” This is in
sharp contrast to the observation that the bimolecular CO
binding constants, kon, of H64V/V68T and H64V/V68S are
larger than those of V68T, V68S, and WT (Table 1). In
addition, the �(CO) of the iron-bound CO of Hb Ascaris
(1912 cm�1) and L29F (1932 cm�1) are different from
those of H64V/V68T and H64V/V68S. Therefore, mecha-
nism 1 seems unlikely for the large CO geminate of H64V/
V68T and H64V/V68S.

Carlson et al. (1994) have reported that the CO geminate
yield of sperm whale Mb H64G/G68A is as large as those of
H64V/V68T and H64V/V68S. The observation for H64G/
V68A has been interpreted by mechanism 2 (reduction of
the distal pocket steric restraint) on the basis of its crystal
structure and molecular dynamics computation. However,
mechanism 2 cannot sufficiently explain the large CO gem-
inate yield of H64V/V68T, mainly because the CO gemi-
nate yield of H64V is much smaller than that of H64V/
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V68T, despite the same size of the heme distal pocket
between H64V and H64V/V68T. (This is based on their
crystal structures of the Met form, because the crystal struc-
tures of H64V/V68T in the deoxy and CO forms are not
available.) Another factor controlling the CO geminate
yield must be considered.

A noticeable difference in the structure of H64V/V68T
from H64V is the hydrogen bond formation between the OH
group of Thr68 and the main-chain carbonyl of Val64 (Smer-
don et al., 1995). This hydrogen bond interaction does not
change the static structure of the distal heme pocket, but
could retard the fluctuation of the side chain of the residue
at position 68. The restricted fluctuation of the side chain
might effectively inhibit the escape of the photodissociated
CO from the distal heme pocket, resulting in an increase in
the geminate yield. Alternatively, dynamic interactions be-
tween the photodissociated CO and the protein matrix,
possibly the side chain of the residue at position 68, are
altered in H64V/V68H because of the different dynamics of
the side chain. We propose that the double mutation
His643Val and Val683Thr/Ser not only reduces the steric
constraint in the distal heme pocket, but also alters the
dynamic and specific interaction of the photodissociated CO
molecule with the protein matrix of the distal heme pocket,
thereby affecting the energetic state of the CO ligand and
possibly lowering the inner energy barrier (see Fig. 3). In
the future it will be necessary to characterize the crystal
structures of H64V/V68T in the deoxy and the CO forms
and to simulate the fluctuation of the protein matrix of the
distal heme pocket upon CO photodissociation by the mo-
lecular dynamics calculations.

Here we report an extreme example of the modulation of
the geminate yield in the CO rebinding of Mb in the nano-
second time range. Static Mb structure as well as biophys-
ical knowledge accumulated so far cannot completely ac-
count for the observed large variations in the CO geminate
yield in this time domain. We have found a correlation
between the large CO geminate yield and the higher fre-
quency of the iron-bound CO in Mb mutants. These vibra-
tional frequency data indicate that an immediate environ-
ment of the bound CO molecule is considerably different
between V68T and H64V/V68T, and between V68S and
H64V/V68S. Such a difference may reflect alterations in the
dynamic, steric, and specific interaction of the dissociated
CO molecule with the residues in the distal heme pocket or
in the protein matrix. However, this finding is insufficient in
explaining the nanosecond geminate yield at the molecular
and atomic levels. Compared with the picosecond phase,
where the movement and location of photodissociated li-
gands in Mb are well established by experiments and the-
ories, what happens in the nanosecond time frame is not
clear. The mutants we have made, H64V/V68T and H64V/
V68S, allow us to experimentally evaluate ligand binding of
Mb in the nanosecond domain.
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