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ABSTRACT: Double-pulse flash photolysis experiments on solutions of carbonmonoxymyoglobin (MbCO)
are used to determine the time scale for protein conformational averaging. The interconversion times for
transitions between the “open” and “closed” subpopulations of MbCO are found to be 10-6-10-4 s,
depending on solvent composition and temperature. In aqueous solution at 273 K, the interconversion
rate is found to be 1.4× 106 s. Since the interconversion rate is comparable to or slower than the geminate
rebinding rate, we describe the geminate phase of the kinetics as a superposition of contributions from
the open and closed states. Although geminate kinetics remain intrinsically nonexponential for both open
and closed states near room temperature, we find that substates within these two subpopulations interconvert
more rapidly than the geminate rebinding. These observations cannot be explained by a superposition of
contributions from a quasicontinuous conformational distribution (Steinbach et al., 1991) and are probably
due to the long-time tail of the relaxation of the protein (Tian et al., 1992). Bimolecular rebinding takes
place at a statistically averaged rate, since the interconversion and relaxation rates are faster than the
bimolecular kinetics. The geminate and bimolecular kinetics are analyzed quantitatively as a function of
pH using this approach and the spectroscopically determined populations of the open and closed states.
The analysis accounts for the observed kinetics and also successfully predicts the kinetic response observed
in the double-pulse experiments. In aqueous solution at 273 K, the geminate amplitudes and rates are
found to beI g

0 ) 32% andkg
0 ) 1.3× 107 s-1 for the open state andIg

1 ) 9.3% andkg
1 ) 1.4× 106 s-1

for the closed state. In 75% glycerol solution at 264 K, the dominant component of the geminate rebinding
is characterized byI g1

0 ) 89% andkg1
0 ) 3.1× 106 s-1 for the open state andIg1

1 ) 26% andkg1
1 ) 3.1

× 106 s-1 for the closed state. The fact that the interconversion rate is comparable to the geminate rate
of the closed state in aqueous solution is consistent with the idea that the open state provides an important
pathway for ligand escape from (or entry to) the heme pocket (Tian et al., 1993). The increased viscosity
of 75% glycerol solution delays the closedf open interconversion until the end of the geminate phase,
which forces the ligand to find alternative pathways to the solution. This observation, in conjunction
with the near equivalence of the geminate rates for the open and closed states in 75% glycerol solution,
suggests that the solvent composition fundamentally alters the protein-ligand dynamics.

Myoglobin (Mb) plays a key physiological role in the
reversible binding and storage of dioxygen. It is also one
of the simplest heme proteins and has been studied exten-
sively using a variety of physical techniques (Sage &
Champion, 1996). The heme group in Mb is embedded in
the protein matrix and covalently linked to the protein
through the proximal histidine. The central iron atom
reversibly binds small ligands such as dioxygen (O2) and
carbon monoxide (CO) at the sixth coordination site on the
distal side of the heme. In the deoxy state, the ferrous iron
atom is high-spin (S) 2) and switches to low-spin (S) 0)
in the ligand-bound state. The different electronic structures
associated with the heme group of ligated and deligated Mb
allow changes on its optical properties to be used as a
convenient method for observing ligand binding in flash
photolysis kinetics experiments.

The kinetics of MbCO1 have been studied over wide
ranges of time and temperature by flash photolysis experi-

ments (Gibson et al., 1956, 1986; Antonini & Brunori, 1971;
Austin et al., 1975; Doster et al., 1982; Henry et al., 1983;
Ansari et al., 1987, 1992; Olson et al., 1988; Lambright et
al., 1991; Steinbach, et al., 1991; Tian et al., 1992, 1993).
At low temperature (T < 180 K), the ensemble is “frozen”,
so that many different noninterconverting protein conforma-
tions are present (quenched disorder) and the barriers for
ligand escape from the heme pocket become high enough
that geminate recombination dominates the kinetic response.
Under these conditions, the system is clearly characterized
by a distribution of rebinding rates (Austin et al., 1975). It
has been shown that a distribution of iron out-of-plane
equilibrium positions can account quantitatively for the low-
temperature kinetic data as well as for a variety of other
experimental observations (Sˇ rajer et al., 1988; Champion,
1987, 1992; Sˇ rajer & Champion, 1991; Sage & Champion,
1996). The mean out-of-plane position at low temperature
(a*0) was found to be∼ 0.2 Å (Šrajer & Champion, 1991),
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1 Abbreviations: MbCO, carbonmonoxymyoglobin; YAG, yttrium-
aluminum-garnet; CW, continuous wave; H64L, bacterially expressed
mutant Mb with His64 replaced by Leu.
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which is intermediate between the bound (in-plane) and fully
relaxed states (a0 ∼ 0.45 Å). Above the transition temper-
ature (Tg ∼ 185 K), the protein is free to relax to its deoxy
conformation after photolysis and the ligand begins to escape
to the solvent.
The conformational energy landscape of MbCO has been

described using a tier concept (Frauenfelder et al., 1990,
1991; Young et al., 1991). The states of tier 0 include three
primary conformations,A0, A1, andA3, identified with CO
vibrational frequencies near 1966, 1945, and 1933 cm-1,
respectively (Caughey et al., 1981; Ansari et al., 1987). These
states have been assigned to “open” (A0) and “closed” (A1
+ A3) conformations of the distal pocket (Morikis et al.,
1989). Within the states associated with “tier 0”, the protein
can assume a large number of substates of “tier 1”, separated
by smaller barriers. As discussed previously (Sˇ rajer et al.,
1986, 1988), protein conformations that lead to a distribution
of heme iron displacements in the unbound state are likely
to be of primary importance for an explanation of the
nonexponential geminate rebinding atT < 160 K, and we
suggest that these conformations are good candidates for
functionally important tier 1 substates. The functional
significance of additional distal pocket conformational
changes within tier 1 and putative lower tiers (Frauenfelder
et al., 1990) are less clear.
The presence of multiple thermally accessible conforma-

tions can be an important influence on both spectroscopic
and kinetic measurements, which ordinarily represent an
average over a large number of molecules. In some cases,
it is possible to understand an experimental observation (such
as a spectral band shape or rebinding curve) as a superposi-
tion of distinct contributions from individual conformations,
and the sample is described as “inhomogeneous”. A
necessary condition for this situation is an observational time
scale faster than the rate of conformational interconversion.
On the other hand, when conformational interconversion is
sufficiently rapid, each protein in the ensemble samples the
full range of thermally accessible conformations on the
observational time scale and contributes identically to the
experimental observable. Since this is experimentally in-
distinguishable from a situation with all proteins in exactly
the same conformation, the ensemble is often described as
“homogeneous” in this case. However, it must be borne in
mind that this description depends as much on the experi-
mental probe used as on the sample.
The “homogeneous” vs “inhomogeneous” terminology

begins to become cumbersome when conformational inter-
conversion takes place on a wide range of time scales. For
example, since tier 0 will have the slowest interconversion
time, due to the larger barriers associated with the transitions
between the open and closed states of the distal pocket, there
will be time scales on which tiers 1 and 2 are “homoge-
neous”, but tier 0 remains “inhomogeneous” (Tian et al.,
1992). Similarly, the wide time range over which ligand
rebinding occurs may lead one to speak of a transition from
“inhomogeneous” to “homogeneous” behavior in the course
of a single rebinding curve (Agmon et al., 1994). Where
possible, it is preferable to refer to a quantitative measure-
ment of the rate of conformational equilibration.
A topical example of the importance of conformational

interconversion times involves the kinetic analysis of MbCO
and its nonexponential geminate recombination. Nonexpo-
nential geminate recombination has been observed both at

low temperature (Austin et al., 1975) and at room temperature
(Lambright et al., 1991; Tian et al., 1992; Ansari et al., 1992).
At low temperature (T < 160 K), the nonexponential
rebinding kinetics are described using a distribution of
activation enthalpies,g(HBA), which reflect a “frozen”,
noninterconverting distribution of conformational substates.
On the other hand, no consensus exists regarding the origin
of the nonexponential kinetic behavior near room tempera-
ture. It has been variously attributed to MbCO distal (Tian
et al., 1992) and proximal (Ansari et al., 1992) relaxation
processes as well as to residual effects of conformational
inhomogeneity, associated with a fraction of the most rapidly
binding substates (Steinbach et al., 1991). In this paper, we
use double-pulse kinetic experiments to probe the rate of
interconversion among tier 0 and tier 1 substates and to
explain the pH dependence of the MbCO geminate rebinding
kinetics.

When CO is complexed to Mb, the FeCO vibrations
associated with tier 0 can be observed by both resonance
Raman (Kerr & Yu, 1988; Morikis et al., 1989) and infrared
(Caughey et al., 1981; Alben et al., 1982; Ansari et al., 1987)
spectroscopy. As mentioned above, theA0, A1, andA3 states
have also been assigned using pH and site-directed mutation
studies (Morikis et al., 1989) to “open” (A0) and “closed”
(A1, A3) distal pocket conformational states. The open- and
closed-state populations are a function of pH and have been
correlated with protonation of the distal histidine in native
MbCO (Morikis et al., 1989). These assignments have been
confirmed by X-ray (Quillin et al., 1992) and single-crystal
Raman (Zhu et al., 1992) studies, which show that as the
pH is lowered, the distal histidine swings away toward the
more polar environment of the solvent, where it is protonated.
This displacement of the distal histidine, also observed on
binding bulky ligands (Ringe et al., 1984), has been proposed
to open a pathway for ligand exit from and entry to the active
site (Perutz & Mathews, 1966; Chance et al., 1966; Case &
Karplus, 1979; Johnson et al., 1989). Since the open and
closed population can be controlled by varying pH, Raman
and IR spectra can be used as a direct measure of these
populations in order to analyze the pH-dependent kinetic
response (Tian et al., 1993). At very low pH (<4.0), the
protein partially unfolds and the iron-histidine bond breaks
in metMb and deoxyMb, while in MbCO the bond remains
intact until the pH reaches 2.6 (Sage et al., 1991a,b). This
global pH-dependent conformational change is clearly dis-
tinguished from the more localized changes upon conversion
from the open to the closed state (Morikis et al., 1989). In
the present study the pH is kept above 4.4, so that the
unfolding process does not affect the ligand binding kinetics.

In previous work (Tian et al., 1993), we analyzed the
ligand association and dissociation rates of myoglobin as a
function of pH in aqueous solution and showed that the
interconversion between the open and closed states is
relatively fast (∼1-10 µs) compared to these rates. As a
result, those rates can be treated by averaging over the open
and closed populations. In aqueous solution between 273
and 293 K, the association (kon

0 ) and dissociation (koff
0 ) rates

of the open state of MbCO are about an order of magnitude
larger than for the closed state (Tian et al., 1993). This
suggests that the open state plays a physiologically relevant
role even though it comprises only∼5% of the time-averaged
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population at pH 7. An even more dramatic increase (∼103)
in the dissociation rate of the open form of MbO2 was also
observed and assigned to the loss of the hydrogen bond
between O2 and the distal histidine, which stabilizes the
bound O2 in the closed form. We have suggested that the
transition from the closed to open conformation in MbO2

may have physiological relevance for the control of oxygen
release in muscle cells (Tian et al., 1993).
Here, we extend our consideration of the data to include

the geminate phase of recombination and use a population-
weighted superposition analysis to independently characterize
the kinetic properties of the open and closed states. More
importantly, this analysis provides a quantitative determi-
nation of the rate of interconversion between open and closed
states. This information is essential to evaluate the hypoth-
esis that the transition from the closed to the open state
facilitates ligand exit from and entry to the binding pocket.

EXPERIMENTAL PROCEDURES

Many of the sample preparation and the experimental
protocols (e.g., Raman spectroscopy, flash photolysis, as-
sociation and dissociation kinetics) have been presented
elsewhere (Tian et al., 1992, 1993; Morikis et al., 1989; Zhu
et al., 1992). Native sperm whale metMb in lyophilized form
was obtained from Sigma Chemical Co. Mb samples were
prepared in a 0.1 M/0.2 M citrate/phosphate buffer solution
for the pH-dependent measurements. Solvents included
aqueous buffers and mixtures with glycerol (35% and 75%
by volume). A myoglobin mutant sample H64L was
expressed from a synthetic gene inEscherichia colias
previously described (Springer & Sligar, 1987) and prepared
in a phosphate buffer (0.1 M) at pH 7. All the samples were
degassed with a stream of N2, reduced with a 20-fold excess
of dithionite, and saturated with CO. Due to the high
viscosity of glycerol, a longer time is needed to degas the
sample (30-60 min) and saturate CO in the solution (10-
20 min) than for aqueous solution. All pH values were
obtained using a Beckman InstrumentsΦ 40 pH meter after
addition of Mb to the buffer solution. The pH and optical
spectra were measured before and after the kinetics experi-
ments to verify that no changes had occurred. The difference
in OD between the equilibrium deoxyMb and MbCO samples
at the monitoring wavelength (∆Aeq) was used to normalize
the CO rebinding kinetics.2

A 10-Hz Nd-doped yttrium-aluminum-garnet (YAG)
laser generates 10-ns pulses at 532 nm that photolyze the
solution sample of MbCO. The intensity is adjusted by an
attenuator to a level (10-20 mJ/pulse) that just maximizes
the change in transmission, ensuring that the sample is totally
photolyzed (g98%) with a minimum heating effect. The
attenuated beam from a tunable CW dye laser (∼20 µW) is
used to monitor the kinetic response of the sample at selected
wavelengths. The polarization of the pump and probe beams
are scrambled using quartz wedges to eliminate the linear
dichroism contribution to the ligand rebinding signal from
the relatively slow (g100 ns) rotational diffusion of the
protein in glycerol solution (Ansari et al., 1993). The signal
is detected by a high-linearity low-noise photomultiplier tube
(R955 Hamamatsu with HC123-01 high-voltage supply and

divider) operated at 600 V and averaged using a 350-MHz
digital oscilloscope (LeCroy 9420). The signal is averaged
about 5× 103 times to reduce random noise, and the YAG
laser is grounded spearately and shielded in order to reduce
radiofrequency (rf) noise. A background signal recorded
with the probe beam blocked is used to correct for the offset
of the oscilloscope and for residual rf noise.
Since ligand rebinding kinetics of myoglobin at room

temperature can be observed over many decades (10-8-10-1

s) and the oscilloscope covers only 4.5 decades with 10-ns
resolution, two measurements of different time regions are
needed to complete the experiment. The resulting digital
voltage signals from the oscilloscope are transferred to a
computer and converted into the absorbance change [∆A(t)]
between the ligand-bound and photolyzed samples. The two
sets of∆A(t) are then logarithmically averaged and combined
into one data set containing∼150 data points.
In the double-pulse experiments, the second pulse follows

the first pulse after a delay timeτ and rephotolyzes the
fraction of the ensemble that has bound ligand between
pulses. The difference between the kinetic response of a
single- and a double-pulse experiment that is suitably
normalized reveals the kinetics of the proteins that have
rebound ligand during the timeτ (see Theory). A beam
splitter and a set of prisms are used to generate optical delays
up to 100 ns. For longer delays, the YAG laser is
synchronized and a digital delay/pulse generator (DG535,
Stanford Research System, Inc.) is used to trigger an excimer
laser (EMG 53MSC, Lambda Physics) after the designated
delay time. The excimer laser pumps a dye laser (Lumonics
HyperDYE-300) and creates 10-ns photolysis pulses at 581
nm (the peak of rhodamine 6G). The two pump beams are
focused and overlapped with the probe beam throughout the
sample. Care is taken to adjust the photolyzing pulse energy
and beam diameters to completely photolyze the interaction
volume (g98% photolysis with the first pulse). The typical
energy density is 500 mJ/cm2 for the YAG pulse and 60
mJ/cm2 for the excimer pulse. When the kinetics of the
double-pulse and single-pulse experiments are compared, the
total pump power is adjusted to be the same so that
differential heating effects are avoided. The bimolecular
rates of the single-pulse and the double-pulse experiments
were compared and used to estimate that differential heating
was less than 0.3 K.
In the double-pulse experiments, the first pulse completely

photolyzed the ensemble (>98%), while under some cir-
cumstances, the second pulse did not achieve complete
rephotolysis. In order to test for the possibility of confor-
mationally specific photolysis, a control experiment was
performed by varying the intensity of the second pulse (Tian,
1995b). When the average power was changed from 10 to
200 mW (∼20-100% photolysis), the normalized kinetics
did not show any difference within the error, indicating that
the photolysis yield is independent of the functionally
important conformational states in MbCO. As a result, eq
13b and 14b (see below) can be used to analyze the CO
rebinding kinetics of myoglobin, under the condition of
incomplete photolysis in the second pulse.
The optimal wavelength for monitoring the MbCO rebind-

ing kinetics was found to be 423 nm, which maximizes the
detected transmission change at short times. A comparison
between the absorption change at the first time point in the
kinetics measurement,∆A (10 ns), with ∆Aeq from the

2 ∆Aeq is temperature-dependent due to changes in the deoxyMb and
MbCO absorption with temperature;∆Aeq changes∼0.4%/K.
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equilibrium measurement of deoxy and MbCO shows very
good agreement ((1%) for samples in pH 7 aqueous solution
at 293 K. In 75% glycerol solutions∆A (10 ns) is too large
by about 3%, presumably due to the fact that the deoxyMb
absorption spectrum has not yet reached equilibrium and is
slightly red-shifted with respect to the equilibrium species
(Lambright et al., 1991; Tian et al., 1992; Ansari et al., 1992).
In order to further examine the influence of spectral
relaxation on the CO rebinding kinetics, measurements were
also made at the equilibrium isosbestic point of the deoxy
and MbCO absorption bands. The monitoring wavelength
was adjusted to approximately 429.5 nm (the isosbestic point
shifts with different temperature and solution conditions) and
tuned to make the beginning of the bimolecular phase
disappear. The kinetics measured at this wavelength monitor
the time evolution of the photoproduct Soret band (Tian et
al., 1992).

THEORY

(A) General Considerations.We describe the normalized
rebinding kineticsN(t) following ligand photolysis as the
ratio

of the transient absorbance signal∆A(t) to the total absorb-
ance change∆Amax that would take place upon complete
deligation of the sample.3 A kinetic selection experiment
consists of comparing the ligand rebinding kineticsND(t; τ)
of a sample exposed to two photolyzing pulses applied att
) 0 and att ) τ to the kineticsNS(t) observed under the
same conditions, but with the second pulse blocked (see
Figure 1, left panel). For the present, we assume that all
proteins in the sample are photolyzed by each of the pulses,
so thatND(0; τ) ) 1, ND(τ; τ) ) 1, andNS(0) ) 1, and we
define the quantity

which describes the renormalized kinetics of molecules that
rebind during the delay timeτ. The normalization factor in
the denominator of eq 2 ensures thatN*(0, τ) ) 1 and
facilitates comparison to the kinetics,NS(t), of the full
ensemble. When a sample contains a distribution of kineti-
cally distinct molecules,N*( t, τ) describes a “kinetically
selected” subpopulation of the full ensemble with a dispro-
portionate contribution of faster rebinding molecules. On
the other hand, for a “homogeneous” sample, all the
conformations average prior to arrival of the second pulse
and

Strictly speaking, of course, even pure molecular en-
sembles are inhomogeneous in a condensed phase if probed
on sufficiently rapid time scales, due to the existence of
multiple conformations and variations in local environment.
However, if each molecule samples all thermally accessible
conformations before the second pulse arrives, the molecular
subpopulation photolyzed by the second pulse will contain
the same distribution of conformations as the full ensemble
in equilibrium. Measurements ofN*( t, τ) as a function of
the delay timeτ thus contain information about conforma-
tional interconversion rates.

To extract this information in a more quantitative way,
consider the (experimentally unrealizable) case in which,
immediately before photolysis, the entire ensemble is in a
nonequilibrium state with all molecules in the same (ith)
conformation. The resulting survival fractionNi(t) will be
affected not only by rebinding to molecules in conformation
i but also by the population of kinetically distinct conforma-
tions j * i as the ensemble relaxes and equilibrates at longer
times. The rate of rebinding to conformationi determines
Ni(t) at short times. At longer times,Ni(t) will also be
affected by the rate,λ, of equilibration with other conforma-
tions j * i and the rates of rebinding to these conformations.
At times λt . 1, the kinetics will be determined by the
equilibrium distribution of conformations, independent of the
initial conditions.

Note that the kineticsNiγ(t) observed for individual
molecules,γ, in the conformationi may differ, due to varying
ligand trajectories. The kinetics associated with molecules
in the ith conformation,Ni(t) ≡ 〈Niγ(t)〉γ, arises from an
average over all molecules in that conformation. Thus, a
conformationally homogeneous ensemble will meet the
criterion defined by eq 3, even if the ligand trajectories vary
among individual molecules and lead to nonexponential
kinetics.

3 ∆Amax is the true absorbance change att ) 0 after complete
photolysis. In the actual analysis, this value can be only estimated
due to the time resolution of the instruments. Therefore, we use the
equilibrium absorbance change between MbCO and deoxyMb,∆Aeq,
to normalize the data. The small increase of∆Amax compared to∆Aeq
may be due to incomplete protein relaxation which generates a slightly
red-shifted Mb* Soret absorption band at early times after photolysis
(Lambright et al., 1991; Tian et al., 1992; Ansari et al., 1992.).

N(t) )
∆A(t)
∆Amax

(1)

N*( t, τ) )
ND(t + τ; τ) - NS(t + τ)

1- NS(τ)
(2)

N*( t, τ) ) NS(t) (3)

FIGURE 1: (Left panel) Theoretical double-pulse experiment for
complete photolysis. The open circles represent the single-pulse
kineticsNS(t). The dash-dotted line represents the double-pulse
kineticsND(t, τ), where a second pulse rephotolyzes the ensemble
after a delay timeτ. The solid line is the normalized difference
kineticsN*( t, τ) of the rephotolyzed subpopulation, defined by eq
2. (Right panel) A variation of the double-pulse experiment useful
under conditions of incomplete photolysis. The dashed line
represents the single-pulse kinetics,NS2(t), where photolysis is
carried out by the second pulse alone (the first pulse is blocked).
The dash-dotted line represents the double-pulse kinetics,ND(t,
τ).
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In the general case, the ensemble prior to photolysis will
include a number of conformations in thermal equilibrium
with populationsPi (normalized so that∑iPi ) 1). However,
if the ensemble kinetics (conformational interconversion as
well as ligand diffusion and rebinding) are described by any
set of linear differential equations (which may include
diffusion as well as reaction kinetics), we can express the
rebinding kinetics

of the full ensemble as a superposition of the functionsNi(t)
defined above, weighted by the initial equilibrium popula-
tionsPi. In contrast, the kinetics

of the kinetically selected subensemble are determined by
the fractionP*i (τ) of rebound molecules found in confor-
mationi just prior to the second pulse, which will, in general,
differ from the equilibrium populationsPi. For example, in
the case that the rate,λ, of conformational equilibration is
so slow that little interconversion takes place during the delay
time τ, then

As expected, conformations rebinding faster than the average
[Ni(τ) < NS(τ)] are more strongly represented (P*i > Pi) in
the kinetically selected subpopulation than in the full
molecular ensemble, since the second pulse only photolyzes
molecules which rebind within the delay timeτ. In the
opposite limit of rapid conformational interconversion, the
normalized populations

in the kinetically selected subensemble have time to relax
to the equilibrium values found in the full ensemble. In this
limit, the kinetics described by eq 5 are identical to those of
the full ensemble described by eq 4, and the system satisfies
eq 3. The transition of the kinetically selected rebinding
(eq 5) between the two limiting cases of eq 6a,b asτ is varied
provides direct information on the rate,λ, of conformational
equilibration.
If a distribution of conformations (with differing kinetics)

exists, it is always possible to find a delay at short enough
time scales so thatN*(τ) calculated from eqs 4, 5, and 6a
will fail to satisfy eq 3. However, measurements at variable
time delay are in general required to exclude certain
hypothetical situations which may fortuitously satisfy the
condition in eq 3. A trivial example cited by Nienhaus et
al. (1994) involves biphasic rebinding,Ni(t) ) (1 - x)e-kit

+ xe-k ′
i t, in which the rateski andk′i but not the amplitudes

(1 - x) and x of the fast and slow phases depend on
molecular conformation. (This might occur in Mb, for
example, if only the equilibrium B-state free energies were
affected by conformational changes.) This “inhomogeneous”
ensemble will satisfy eq 3 if the second pulse falls between
two well-separated phases, even if conformational exchange

is slow (λτ , 1). In this case,kiτ . 1 . k′iτ for all i, so
thatNi(τ) ) x is independent ofi and eq 6a yieldsP*i (τ) )
Pi. However, this hypothetical situation can be avoided by
simply choosing a delay time that falls within one of the
phases.
(B) Multiple-Pulse Sequence.Multiple-pulse experiments

(Austin et al., 1975; Frauenfelder, 1983; Agmon et al., 1994)
can also be used in certain situations to enhance the
differences between the kinetically selected molecules and
the full ensemble. Analogously to eq 2, we define the
kinetics

selected by the final pulse in a series ofm pulses each
separated by a delayτ as the normalized difference between
the kineticsN(m)(t; τ) observed in anm-pulse experiment and
the kineticsN(m-1)(t; τ) observed with themth pulse blocked.
The expression

analogous to eqs 4 and 5 still holds, and a generalization of
the argument for the two-pulse case described above leads
to

with Pi
(n) ) Pi - ∑l)1

n-1Pi
(l)Ni[(n - l)τ], the residual popula-

tion in theith conformation aftern pulses. Equation 9 shows
that the difference betweenP*i

(m)(τ) andPi increases with
the number of pulses. Form ) 2, this expression reduces
to eq 6a.
(C) Direct Comparison between Single- and Double-Pulse

Kinetics. In the limit of slow interconversion (λτ , 1), it is
also possible to extract qualitative information about rebind-
ing to individual members of the ensemble based on the
comparison

of the kinetics after the first pulse to those after the second
without subtraction and normalization as in eqs 2 and 3. This
test is useful only under the assumption of a two-state system
(i.e., only bound and geminate states) and has been used
(Austin, et al., 1975; Frauenfelder, 1983) to establish the
presence of a distribution of static molecular conformations
within a low-temperature protein ensemble. The usefulness
of this test can be explored if we use eqs 2, 4, 5, and 6a to
express total kinetics observed following the second pulse
(t > 0) in the limit of slow interconversion (λτ , 1) as

The condition of eq 10 can be met in this limit only by an
ensemble of two-state systems having individual conforma-
tions which bind with single exponentials, so thatNi(t + τ)
) Ni(t)Ni(τ) for all i.

NS(t) ) ∑
i

PiNi(t) (4)

N*( t, τ) ) ∑
i

P*i (τ)Ni(t) (5)

P*i (λτ , 1))
Pi[1 - Ni(τ)]

∑iPi[1 - Ni(τ)]
) [1-

Ni(τ) - NS(τ)

1- NS(τ) ]Pi (6a)

P*i (λτ . 1)) Pi (6b)

N* (m)(t, τ) )
N(m)[t + (m- 1)τ] - N(m-1)[t + (m- 1)τ]

1- N(m-1)[(m- 1)τ]
(7)

N* (m)(t) ) ∑P*i
(m)Ni(t) (8)

P*i
(m)[(m- 1)λτ , 1] )

Pi - ∑n)1
m-1Pi

(n)Ni[(m- n)τ]

1- ∑n)1
m-1∑iPi

(n)Ni[(m- n)τ]
(9)

ND(t + τ; τ) ) NS(t) (10)

ND(t + τ; τ) ) NS(t) + ∑
i

Pi[Ni(t + τ) - Ni(t)Ni(τ)] (11)
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Strictly speaking, then, the condition of eq 10 does not
test for “inhomogeneity” but rather for single-exponential
rebinding to the individual conformations. The fact that
heme protein geminate rebinding kinetics observed at low
temperatures meet the condition in eq 10 demonstrates
(Austin et al., 1975) that the highly nonexponential kinetics
must arise from an ensemble of molecules with a broad
distribution of exponential rebinding rates rather than from
a “homogeneous” ensemble with nonexponential kinetics
(e.g., due to multiple ligand rebinding trajectories within each
conformation).
We emphasize that a failure to meet the condition in eq

10 may occur either in the limitλτ , 1, due to nonexpo-
nential rebinding to individual conformations,or in the limit
λτ . 1, if NS(t) remains nonexponential. For example, even
a “homogeneous” ensemble containing a single protein
conformation may have a nonexponentialNS(t) (for example,
due to multiple rebinding trajectories) and thus fail to satisfy
eq 10.4 An inhomogeneous ensemble can also fail the test
(eq 10), if the individual conformations rebind nonexponen-
tially (e.g., if ligand escape occurs and rebinding is biexpo-
nential). As a result, eq 10 cannot be used to determine
conformational transition rates, in contrast to eq 3, which
always holds at sufficiently long delay times.
An example of the need for caution in using the test

characterized by eq 10 is seen in recent work by Doster and
co-workers (Post et al., 1993; Agmon et al., 1994), who
report multiple-pulse experiments carried out on horse MbCO
in pH 7 75% glycerol at 185 K. With a delay timeτ ) 0.1
s, these workers observe deviations from eq 10 beginning at
a time they define astinhomogand imply that conformational
fluctuation begins on this time scale, i.e.,λ = tinhomog

-1 . If
this interpretation were accepted, the appearance of these
deviations at times on the order of 10-4 s would contradict
earlier measurements (Young et al., 1991; Iben et al., 1989)
that led to an estimated time scale= 102 s for conformational
fluctuation among substates of tier 1 at 185 K. However,
as pointed out previously (Frauenfelder, 1983), deviations
from eq 10 actually suggest optical pumping of long-lived
states even in the inhomogeneous limitλτ , 1. For example,
suppose that after photolysis there is a small probabilityx
that the ligand, instead of rebinding to the heme at a rateki,
migrates to another location in the protein from which it
rebinds at a much slower ratek′i, so that rebinding to
conformation i follows Ni(t) ) (1 - x)exp(-kit) + x
exp(-k′it) (which is not the single exponential required to
satisfy eq 10). In this case

in the inhomogeneous limitλτ , 1. Substitution into eq 11
shows that, relative toNS(t) ) ∑iPiNi(t), the slow phase of
ND(t + τ) increases by an amountx(1 - x)[exp(-k′iτ) -
exp(-kiτ)] at the expense of the fast phase. This expression
shows that the size of this change will be largest when the
second pulse falls between the phases, i.e.,kiτ > 1 > k′iτ.
The amplitude of the slow phase will continue to increase
with the introduction of additional pulses (Frauenfelder,

1983). If such optical pumping is assumed, the results from
Doster’s laboratory are qualitatively consistent with an
ensemble composed of multiple (>2) state systems exhibiting
nonexponential (or multiple-exponential) rebinding, which
do not interconvert on the experimental time scale.
(D) Incomplete Photolysis.In all of the above discussion,

we have assumed that both pulses completely photolyze the
sample. When complete photolysis is experimentally un-
attainable, the analysis of kinetic selection measurements
requires additional care, since different conformations may
be photolyzed by varying amounts. If a fractionφi

(1) of the
molecules in conformationi are photolyzed by the first pulse,
the kinetics follow the expression

in the absence of a second pulse. Note thatNi(0) ≡ 1 but
thatNS(0) < 1 in the presence of conformations withφi

(1) <
1. The difference kinetics

defined by eq 2 are determined not only by the fraction
P*i (τ) of the unphotolyzed sample in conformationi but also
by the probabilityφi

(2) that a molecule in that conformation
is photolyzed by the second pulse (in general,φi

(2) * φi
(1), if

pulse intensities are different).
The populations

appearing in eq 14a in the limitλτ , 1 are also altered due
to incomplete photolysis by the first pulse. The decreased
effectiveness of the selection of fast rebinding conformations
due to the presence of the additional factor ofφi

(1) < 1 in eq
15 takes place because the fraction of the sample not
photolyzed by the first pulse retains the equilibrium popula-
tion distribution determined byPi. The use of kinetic
selection techniques thus requires better signal-to-noise in
the case of incomplete photolysis. Caution is also required
in the other limit, whereP*i (λτ . 1) ) Pi, as the resulting
kinetics for conformationally specific photolysis

still differ from NS(t) (eq 13a) unlessφi
(2) ) φi

(1). Thus,
under conformationally specific photolysis conditions, the
test (eq 3) for conformational homogeneity is valid only if
the two photolyzing pulses are carefully adjusted to have
equal intensity. A convenient alternative procedure under
such conditions is to compareN*( t, τ) with the single-pulse
kinetics,NS2(t) recorded with thefirst pulse blocked, which
automatically satisfies the equal photolysis condition (Figure
1, right panel).
It is also possible that incomplete photolysis can arise

under conditions that are independent of conformation. This

4 Such a system will satisfy eq 3, but substitution of eq 3 into eq 2
yieldsND(t + τ;τ) ) NS(t) + [NS(t + τ) - NS(t)NS(τ)] so that eq 10
holds only ifNS(t) is exponential.

NS(t) ) ∑
i

Piφi
(1)Ni(t) (13a)

N*( t, τ) ) ∑
i

P*i (τ)φi
(2)Ni(t) (14a)

P*i (λτ , 1))
Pi[1 - φi

(1)Ni(τ)]

∑iPi[1 - φi
(1)Ni(τ)]

)

[1-
φi
(1)Ni(τ) - NS(τ)

1- NS(τ) ] Pi (15)

N*( t; λτ . 1)) ∑
i

Piφi
(2)Ni(t) (16)

Ni(t + τ) - Ni(τ)Ni(t) )

x(1- x)[e-k ′iτ - e-kiτ][e-k′it - e-kit] (12)
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situation can be experimentally distinguished by varying the
intensity of the pump pulse and comparing the ligand
rebinding kinetics as a function of photolysis level (taking
care to minimize heating effects). If the rescaled kinetics
change with the intensity of the pump pulse, it indicates that
φ is conformation-dependent. However, if the kinetics are
independent of photolysis level,φ can be taken as inde-
pendent of conformation, so that5 φi

(1) ) φ(1) andφi
(2) ) φ(2).

This means that eqs 13a and 14a become

and

which satisfy the condition

in the limit P*i (τ) f Pi(τ). Thus, eq 3 can be generalized to
the case of (conformationally independent) incomplete pho-
tolysis by simply rescalingN*( t,τ). (All the rebinding
kinetics of MbCO discussed in this paper satisfy the condition
thatφ(1) andφ(2) are independent of conformation.)

RESULTS

One important issue concerning ligand binding to heme
proteins at room temperature involves understanding whether
protein conformational states interconvert slowly enough to
contribute independently to the observed geminate recom-
bination. The distal pocket mutant H64L is a good candidate
for study, because it has a large geminate amplitude and,
thus, a measured rate that directly reflects the binding of
ligand to the heme,kBA, rather than ligand escape,kout. In
addition, the H64L mutant lacks the discrete open and closed
distal pocket states associated with native Mb (Balasubra-
manian et al., 1993). As a result, the slower interconversions
between the “tier 0” substates (A0, A1, A3) are not a major
consideration and the experiment directly probes intercon-
version among the “tier 1” substates, which we assign to
smaller-scale conformational fluctuations of the protein that
induce changes in the heme geometry (Sˇ rajer et al., 1988).
In Figure 2 we display the results of two-pulse kinetic

selection measurements on the mutant H64L MbCO in 75%
glycerol at 295 K with a delay time of 100 ns (φi

(1) ) 1,
φi
(2) < 1). The solid circles represent the normalized
differenceN*( t, τ), betweenND(t) (open diamonds) andNS(t)
(open circles) from eq 2. We see that within experimental
error NS(t) ) N*( t, τ)/φ(2), indicating that at 295 K the
conformational fluctuations associated with tier 1 take place
much more rapidly than 100 ns under the experimental
conditions of Figure 2.
Equation 3 tests for conformational equilibration (P*i (τ)

f Pi) of the kinetically selected subensemble but does not
directly demonstrate thatthermalfluctuations are responsible.
To test for the possibility (Chu et al., 1995) that absorption
of additional photons following CO photolysis, rather than

thermal fluctuations, equilibrate the conformational distribu-
tion, we have verified thatNS(t) does not vary with the pump
intensity (Tian, 1995b). In addition, the measurements on
H64L were repeated using variable intensity in the second
pulse (Figure 2). When the intensity of the second pulse is
reduced, incomplete rephotolysis leads toN*(τ; τ) < 1, and
eq 17 is used to renormalizeN*( t, τ) for comparison. The
scaling factorsC) 1.12, 1.62, and 4.05 represent the fraction
photolyzed by the second pulse,φ(2) ) 90%, 60%, and 25%,
respectively. The results (Figure 2) show thatCN*( t, τ) )
NS(t) even when only 25% of the rebound proteins are
rephotolyzed by the second pulse. In this case, 80% of the
proteins contributing toN*( t, τ) absorb only a single photon
from the second pulse,6 so that multiple photon processes
can be neglected. The lower right panel shows that the
kinetic curves with differing rephotolyzed populations are
identical within error to the kinetics of the full ensemble.
This result, along with the intensity independence of the
single-pulse experiments, demonstrates that thermal fluctua-
tions, rather than photon-induced processes, are responsible

5 φ(1) can be estimated by∆A(10 ns)/∆Aeq andφ(2) can be evaluated
by [ND(τ,τ) - NS(τ)]/[1 - NS(τ)].

6 We assume that absorptions of individual photons are independent
events and write the probability of the heme to absorbn photons asQn

) Q1
n for n g 1. The fraction of rebound material photolyzed by the

second pulse att ) τ is φ(2) ) 1 - Q0 ) ∑n)1
∞ Qn ) ∑n)1

∞ (Q1)
n ) Q1/(1

- Q1). We can calculate the fraction of molecules photolyzed which
absorb only a single photon from the second pulse asQ1/φ(2) ) 1- Q1

) 1/(1 + φ(2)).

NS(t) ) φ
(1)∑

i

PiNi(t) (13b)

N*( t, τ) ) φ
(2)∑

i

P*i (τ)Ni(t) (14b)

NS(t) ) (φ(1)/φ(2))N*( t, τ) (17)

FIGURE 2: Double-pulse experiments of mutant H64L MbCO with
differing amounts of the population rephotolyzed by the second
pulse (τ ) 100 ns). The sample was prepared at pH 7.0 in 75%
glycerol solution at 295 K. The kineticsN*( t, τ) of the rephotolyzed
fraction that rebinds CO between the two pulses (solid circles) are
extracted by subtracting the single-pulse kineticsNS(t) (open circles)
from the double-pulse kineticsND(t; τ) (open diamonds) followed
by renormalization and realignment of the time axis. Different
rephotolysis percentages, 25%, 60%, and 90%, are obtained by
varying the intensity of the second pulse.N*( t, τ) is scaled byC
) 1/φ(2) ) [1 - NS(τ)]/[ND(τ, τ) - NS(τ)] for comparison. The
scaling constants C are∼1.12, 1.62, and 4.05 forN*( t; τ) with
90%, 60%, and 25% photolysis, respectively. The lower right panel
presents the comparison of the kinetics of the whole ensemble to
the kinetics with different rephotolyzed populations (after scaling).
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for the conformational equilibration observed in the kineti-
cally selected subensemble.
The results on the mutant H64L contrast with those on

native MbCO, where the geminate amplitude of the kineti-
cally selected population was found to be significantly larger
than that of the full ensemble, both in 75% glycerol (Tian et
al., 1992) and in aqueous solution (Tian et al., 1993). The
results of additional measurements on native MbCO at pH
4.9 in 75% glycerol solution at 273 K with delays of 100
ns, 30µs, 100µs, and 1 ms (Figure 3) confirm these previous
conclusions. Forτ ) 100 ns, the geminate amplitude of
N*( t, τ) is significantly larger than that ofNS(t) (Figure 3,
upper left panel). This demonstrates thatP*i (τ ) 100 ns)*
Pi in native Mb, in contrast to the H64L mutant. When the
delay timeτ increases, the difference betweenN*( t, τ) and
NS(t) decreases, and atτ ) 1 ms (lower right panel)N*( t, τ)
andNS(t) are identical within experimental error, indicating
that conformational averaging is complete. By changing the
delay timeτ, we can determine the conformational equilibra-
tion rate.
The nature of the slowly interconverting conformations

in native Mb is suggested by the similarity between the
geminate kinetics of the kinetically selected subpopulation
and the kinetics of the full ensemble when the pH is lowered
(Tian et al., 1992). Reduced pH increases the population of
the open conformation (Morikis et al., 1989), in which His64
is displaced from the heme pocket (Quillin et al., 1992). The
increased geminate amplitude at lower pH is consistent with
the faster geminate recombination observed for the open (A0)

conformation (Ansari et al., 1987). Furthermore, as long as
λτ , 1, eq 6a predicts that the proportion of the fast
rebinding [N0(t) < N1(t)] open conformation, and thus the
geminate amplitude, will be enhanced in the kinetically
selected subpopulation relative to the full ensemble (P*0 >
P0).
We thus explore the hypothesis that two kinetically distinct

conformations are sufficient to describe the kinetic response
of native MbCO at room temperature; that is, that summation
over only two conformationsi ) 0, 1 (representing the open
and closed conformations) in eqs 4 and 5 will adequately
describe both single- and double-pulse experiments at all pH
values and time delays. Testing this hypothesis requires
appropriate choices for the kinetics,Ni(t), of an ensemble
which starts with 100% population of the open or closed
states before CO photolysis. We use an empirical function
of the form

whereI g1
i + I g2

i + I s
i ) 1 (in aqueous solutionI g2

i ) 0).
Since the kinetic selection results in Figure 3 and in previous
work (Tian et al., 1993) indicate that conformational inter-
conversion is rapid compared to the bimolecular phase,
bimolecular rebinding takes place at a pH-dependent average
rate 〈ks〉 determined by the equilibrium populations of the
open and closed conformations of the deoxy protein,
independent of whether the system started in the open or
the closed conformation. The kinetic selection results also
suggest that conformational interconversion is incomplete
during the geminate phase either in 75% glycerol (Figure 3)
or in aqueous solution (Tian et al., 1993). Thus we expect
the amplitudes and rates, used to describe this phase, to differ
depending on whether the system starts in the open or closed
state. In general, the overall kinetics are fit to

whereD0 is a scaling factor that allows comparison of the
fit with the measured equilibrium absorbance change at time
zero (D0 ) 1 if there is perfect agreement between the fit
extrapolated tot ) 0 and the measured equilibrium ab-
sorbance change; Tian et al., 1995a) and the functionsNi(t)
are given by eq 18.
However, before attempting the fits based on state

superposition, we can characterize the geminate kinetic data
by first fitting the overall kinetics using a single function
(eq 18 with no i dependence) to determine the overall
amplitudes and rates. The results of such fits for kinetic
data obtained in different solvents as a function of pH are
given in Table 1. If we now use the overall geminate
amplitude,Ig1, to rescale the geminate kinetics as shown in
Figure 4, we find a striking difference in behavior for the
geminate kinetics as a function of pH when the aqueous and
75% glycerol solutions are compared. In aqueous solution
at 273 K, the geminate rate increases by a factor of∼5 when
the pH is lowered from 7 to 4.6. In contrast, for the 75%
glycerol solution at 264 K, the first geminate phase at each
pH (7.0, 5.5, 5.3, and 4.9) is almost perfectly overlapped
after rescaling, demonstrating that the rate of the first
geminate phase of MbCO rebinding is independent of pH

FIGURE 3: Double-pulse experiments on MbCO in pH 4.9 75%
glycerol solution at 273 K with different delay times (τ ) 0.1µs,
30 µs, 100µs, and 1 ms).NS(t) (circles) andND(t; τ) (diamonds)
are normalized with∆Aeqobtained from equilibrium measurements.
The kinetics of the rephotolyzed population,N*( t, τ) (solid dots),
were scaled byC ) 1/φ(2) ) [1 - NS(τ)]/[ND(τ, τ) - NS(τ)] for
comparison. The scaling factors are 1.33, 1.47, 1.33, and 1.41 for
delay times 0.1µs, 30µs, 100µs, and 1 ms, respectively. It should
be noted that the value ofND(τ, τ) is not given by the second
maximum data point shown in the figure, since the value of this
point is obtained from a logarithmic average and is less thanND(τ,
τ).

Ni(t) ) I g1
i e-(kg1i t)â

i

+ I g2
i e-kg2i t + I s

i e-〈ks〉t (18)

D(t) ) D0NS(t) ) D0∑
i

PiNi(t) (19)
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in 75% glycerol solution. As a result, when we use
superposition to analyze the rebinding kinetics of MbCO,
we constrainkg1

0 ) kg1
1 ) kg1 and â0 ) â1 in glycerol

solution, while in aqueous solution the second term of eq
18 is dropped (I g2

0,1 f 0) andkg1
0 * kg1

1 .
In Figure 5 we present the CO rebinding kinetics of MbCO

as a function of pH at 273 K in aqueous solution along with
the results of the superposition analysis using the spectro-
scopically observed open (P0) and closed (P1) state popula-
tions. The solid lines are fits using eqs 18 and 19 (with
I g2
0,1 ) 0). In order to determine values for the common
pH-independent parametersI g1

0 , kg1
0 , Ig1

1 , andkg1
1 , we used a

global minimumø-square fitting analysis to simultaneously
fit the data at four pH values (pH 7, 6, 5, and 4.6) withâ )
0.5. P0 andP1 were constrained byP0 + P1 ) 1 and

Equation 20 was used with values pK0 ) 6.0, pK1 ) 3.8,
andKp ) 4.3, previously shown to describe the equilibrium
between open and closed populations as determined from

pH-dependent infrared and Raman measurements (Morikis
et al., 1989). The pH-independent kinetic parameters
determined by this procedure are listed in Table 2. These
parameters were then fixed and the data at all pH values (8
data sets for aqueous solution) were fit again using eqs 18
and 19 with the remaining parameters (P0, 〈ks〉, andD0) free
to vary at each pH. The inset of Figure 5 compares the
values ofP0(fit) determined from this procedure with the
valuesP0 calculated from eq 20. The good agreement
indicates that the kinetic inhomogeneity of native MbCO can
be modeled as a superposition of open and closed states using
the populations observed in the IR and Raman measurements.
(It should be noted that the analysis of the geminate phase
of the aqueous solution in Table 1 fitsN pH-dependent data
sets with 2N free parameters, while the superposition of states
analysis in Table 2 uses only 4 free parameters.)

For MbCO in 75% glycerol solution at 264 K, we fixed
the values ofP0 at pH 7 and 5.5 to the spectroscopic values
found in aqueous solution and let the populations at lower
pH vary with the other kinetic parameters in a global
minimum ø-square simultaneous fit of the data at all four
pHs. Then the data were fit again, allowingP0, 〈ks〉, andD0

to be varied at all pHs, with all other kinetic parameters being
fixed. Figure 6 displays the results of the fitting analysis as
a function of pH. The detailed results are listed in Table 2.
The inset shows that the values ofP0 obtained from the least-
squares fit are somewhat larger than the predictions of eq
20, suggesting that glycerol may have a small effect on the
open and closed populations.

The kinetic parameters of the open and closed states
derived from the above fitting procedure lead to aprediction
through eqs 6a, 14b, and 18 for the kineticsN*( t, τ) of the
subpopulation selected in double-pulse experiments. This
prediction provides a critical test for the two-state super-
position hypothesis. In Figure 7 we compare the double-
pulse kinetics predicted by eq 14b in the inhomogeneous
limit [P*i (λτ , 1) is given by eq 6a] with the results of
kinetic selection measurements. The left panel shows results
for MbCO in pH 5.0 aqueous solution at 273 K, with a delay

Table 1: Phenomenological Fitting Results of MbCO Rebinding
Kineticsa

solution pH
Ig1
(%)

kg1
(×106 s-1) â

Ig2
(%)

kg2
(×105 s-1)

Is
(%)

k2
(×102 s-1)

aqueous 7.0 9.6 1.6 0.5 90 2.8
(273 K) 6.0 10 1.9 0.5 90 3.5

5.7 12 2.3 0.5 88 4.2
5.5 12 2.3 0.5 88 4.8
5.2 14 3.1 0.5 86 6.9
5.0 14 3.5 0.5 86 8.2
4.8 17 5.1 0.5 83 11
4.6 19 6.7 0.5 81 13
4.4 24 11 0.5 76 17

75% glycerol 7.0 30 3.1 0.5 13 4.5 57 2.9
(264 K) 5.5 43 3.2 0.5 12 5.8 45 3.5

5.3 49 3.3 0.5 13 5.4 38 3.9
4.9 58 3.4 0.5 11 6.2 31 4.1

a The MbCO rebinding kinetics are fit to eq 18. Thei superscripts
are dropped. All parameters vary freely at each pH exceptâ ) 0.5
and (for aqueous solution data)Ig2 ) 0.

FIGURE 4: Comparison of the geminate kinetics of MbCO as a
function of pH in aqueous solution (left panel) and in 75% glycerol
solution (first geminate phase, right panel). The kineticsNS(t) were
rescaled for comparison by normalizing the first geminate phases
and shifting the data for display on a scale of 0 to 1 [e.g.,Nnorm(t)
) 1 - [1 - NS(t)]/Ig1 is plotted].

P0
P1

) Kp
1+ 10pH- pK0

1+ 10pH- pK1
(20)

FIGURE 5: Rebinding kinetics of MbCO as a function of pH in
aqueous solution at 273 K, analyzed using the open- and closed-
state superposition model. The solid lines are the fits using eqs 18
and 19 withI g2

0,1 ) 0. The pH-independent parametersI g1
0,1, kg1

0,1,
andâ from Table 2 are fixed in the fit, while the pH-dependent
parametersP0, 〈ks〉, and the scaling factorD0 are allowed to vary.
The inset presents the comparison of the calculatedP0 from eq 20
with P0(fit) from the fit of the kinetics at each pH.
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time τ ) 80 ns, while the right panel shows MbCO in pH
5.3 75% glycerol solution at 264 K, with a delay timeτ )
1 µs. The data and prediction were both scaled by a factor
of 1/φ(2) for comparison ofNS(t) and N*( t). The good

agreement between the experimental results (open circles)
and the predictions (solid lines) of eqs 6a, 14b, and 18 with
no free parameters (exceptD0 ) 1.09) lends decisive support
to the hypothesis that only the open and closed states
contribute independently to geminate CO recombination (on
time scalesg τ) under the experimental conditions shown
in Figures 5-7.
In addition to providing a critical test of the two-state

superposition model, the above analysis provides the back-
ground needed for a quantitative determination of the
interconversion rate between the open and closed states (Tian
et al., 1992, 1993). Asλτ increases, the populations
P*i (τ) in the kinetically selected subpopulation are affected
by protein conformational interconversion as well as by
recombination so that the limit in eq 6a no longer applies.
By monitoring the change in the valueP*0 (τ) needed to
describe double-pulse measurements at variableτ between
the two limits given by eq 6a,b, we can determine the rate
λ of equilibration between the open and closed states, as
shown in Figure 8. The left panel shows that the geminate
yield of the rephotolyzed fraction decreases at longer delay
times, as the populationP*0 (τ) of the fast-rebinding A0 state
approaches the equilibrium valueP0. The solid lines through
the data are fits using eqs 6a, 14b, and 18 with fixed values
for the pH-independent parameters (Table 2) but with
P*0 (τ), 〈ks〉, and D0 free to vary. The pH-independent
parameters were obtained from the previously described
simultaneous fit of the pH-dependent data. In the right panel
of Figure 8 we plot the quantity

as a measure of the relaxation of the kinetically selected
populationP*0 (τ) to the equilibrium valueP0, normalized
by P*0 (λτ , 1) - P0, which is calculated from eq 6a for
each delay. The quantityP*0 (τ) contains the information
relevant to substate interconversion. The solid lines in the

Table 2: Superposition Analysis of MbCO Rebinding Kineticsa

pH-independent parametersb

I g1
i

(%)
kg1
i

(×106 s-1) â
I g2
i

(%)
kg2
i

(×104 s-1)

aqueous (273 K) A0 32 13 0.50
A1 9.3 1.4 0.50

35% glycerolc (273 K) A0 57 5.4 0.50
A1 5.6 5.4 0.50 5.6 29

75% glycerol (293 K) A0 85 11 0.45
A1 8.1 11 0.45 3.7 44

75% glycerol (273 K) A0 75 5.0 0.63 18 27
A1 16 5.0 0.63 11 11

75% glycerol (264 K) A0 89 3.1 0.60 11 17
A1 26 3.1 0.60 16 5.3

pH-dependent parameters
aqueous, 273 K

pH 7.0 6.5 6.0 5.5 5.2 5.0 4.8 4.6 4.4
P0(fit) (%) 2.6 8.3 8.4 18 32 31 42 46 63
D0

d 1.01 1.04 1.02 1.02 1.08 1.06 1.09 1.05 0.89
〈ks〉 (×102 s-1) 2.8 3.4 3.5 4.8 6.9 8.3 11 13 17

pH-dependent parameters
75% glycerol

264 K 273 K 293 K

pH 7.0 5.5 5.3 4.9 7.0 4.9 7.0 5.2
P0(fit) (%) 5.0 20 29 41 5.0 39 5.0 31
D0 1.05 1.07 1.06 1.01 1.09 1.07 1.03 1.10
〈ks〉 (×102 s-1) 3.7 3.4 4.0 4.0 4.2 6.2 6.5 13

a The table contains the results of a global fit of eqs 4 and 18 to
pH-dependent MbCO kinetics. Parameters in the upper half are
constrained to have the same value at all pH values.b A0 represents
the “open” state andA1 represents the “closed” state.c The pH-
dependent parameters of MbCO in 35% glycerol at 273 K are not shown
in the table. TheP0(fit), 〈ks〉, andD0 values are 5.0% and 29%; 4.4×
102 and 9.5× 102 s-1, and 1.01 and 1.08 for pH 7.0 and 5.3,
respectively.d D0 is a scaling factor that allows comparison of the fit
with expected equilibrium absorbance change,∆Aeq, at time zero.D0

) 1 if the fit perfectly agrees with the expected equilibrium absorbance
change.D0 ) 1-1.1 indicates a good fit because∆Aeq < ∆Amax, due
to the effect of the protein relaxation.

FIGURE 6: Rebinding kinetics of MbCO as a function of pH at
264 K in 75% glycerol solution, analyzed with the open- and closed-
state superposition model. The solid lines are fits using eqs 18
and 19. The pH-independent parametersI g1

0,1, kg1
0,1, I g2

0,1, kg2
0,1, and

â0,1 from Table 2 are fixed in the fit, while the pH-dependent
parametersP0, 〈ks〉, and the scaling factorD0 are allowed to vary.
The inset presents the comparison of the calculatedP0 from eq 20
with P0(fit) determined by the fit at each pH.

FIGURE 7: Comparison between theN*( t, τ) predicted from the
superposition analysis using parameters from Table 2 and theN*( t,
τ) determined from double-pulse experiments on MbCO in pH 5.0
aqueous solution at 273 K with 80-ns delay (left) and in pH 5.3
75% glycerol solution at 264 K with 1-µs delay (right). The circles
represent the kinetics of the rephotolyzed ensemble, CN*( t, τ). C
) 1/φ(2) is equal to 1.0 for aqueous and 1.2 for 75% glycerol
solution. The solid lines are predictions based on the superposition
analysis and the parameters in Table 2. Only the scaling factorD0
is allowed to vary;D0 is equal to 1.09 for both solutions.

Φ(τ) )
P*0 (τ) - P0

P*0 (λτ , 1)- P0
(21)
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right panel are fits of theP*0 (τ) relaxation to equilibrium
assuming an exponential decay,Φ(τ) ) exp (-λτ). The
values obtained for the interconversion rates,λ, are listed in
Table 3. The interconversion times between the open and
closed states in 75% glycerol solution are 1.2× 105, 2.3×
104, and 8.1× 103 s-1 at 293, 273, and 264 K, which agree
very well with extrapolation of infrared measurements of
theA0 f (A1,A3) transition rates observed at somewhat lower
temperatures (Young et al., 1991). In aqueous solution at
273 K, we obtain a significantly faster interconversion rate
of 1.4 × 106 s-1, which is the first such measurement in
aqueous solution.
The adequacy of the simple two-state superposition model

in describing the results above does not exclude possible
contributions from more rapidly interconverting conforma-
tions at lower temperature or shorter times. We studied the
CO rebinding kinetics of H64L MbCO as a function of
temperature using double-pulse methods and found that
above∼270 K the system is effectively “homogeneous” on
the∼100-ns time scale. In the left panel of Figure 9, we
present a two-pulse kinetic selection measurement on the
mutant H64L MbCO in 75% glycerol at 264 K with a delay
time of 80 ns.N*( t, τ) appears to deviate fromNs(t) (between

10-7 and 10-6 s), suggesting that interconversion among
substates of tier 1 is incomplete on the 80-ns time scale at
264 K. Similar results are apparent withτ = 100 ns in native
MbCO at 264 K (75% glycerol), since the double-pulse
kinetic data begin to deviate from the prediction of the two-
state model using the parameters in Table 2 (see the right
panel of Figure 9), in contrast to the successful prediction
at longer delay times (Figure 7). This is consistent with the
idea that the open and closed states represent only the upper
level of a conformational hierarchy (Frauenfelder et al.,
1991). We suggest that the characterization of such a
hierarchy is best organized according to interconversion time
scales. Evidently, the (tier 1) protein fluctuations that govern
the heme iron equilibrium position (Sˇrajer et al., 1988) extend
somewhat beyond the 100-ns time scale at 264 K in 75%
glycerol. However, above 264 K, or for delay timesτ g 1
µs at 264 K, the two-state model successfully describes the
double-pulse measurements of MbCO in both aqueous and
75% glycerol solution.

Since the substates of MbO2 have not been independently
probed by IR methods, kinetic selection experiments provide
a unique test for contributions for slowly interconverting,
kinetically distinct MbO2 substates at room temperature.
MbO2 is not completely photolyzed by the first pulse when
probed on the 10-ns time scale, and thus, the conformation
dependence ofφi

(1,2) is not well determined by measuring
NS(t). As a result, we have to treatφi

(1,2) of MbO2 as if it
were conformation-dependent. As discussed in the Theory
section, when the ensemble is incompletely photolyzed and
φi
(1,2) is conformation-dependent, the two photolyzing
pulses must have equal intensity in order to use eq 3 to test
for conformational equilibration [e.g., by blocking the first
pulse to measureNS2(t) as discussed following eq 16]. Figure
10 presents a double-pulse experiment on MbO2 in 75%
glycerol solution at 273 K with a 70-ns delay (open
diamonds). In the left panel, we directly compareN*( t, τ)
(solid dots) with the single-pulse kineticsNS2(t) (plus signs)

FIGURE 8: Interconversion rate between the “open” and “closed”
states of MbCO determined by the double-pulse experiments. The
left panel shows the kinetics of the rephotolyzed populationN*( t,
τ) of MbCO in pH 4.9 75% glycerol solution at 273 K with different
delay times. N*( t, τ) was normalized using the amount of
rephotolysis (C) 1.3, 1.3, 1.5, 1.3, and 1.4 forτ ) 1, 10, 30, 100,
and 1000µs, respectively). The solid lines are the superposition
fit using parameters from Table 2, while the parametersP0, 〈ks〉,
andD0 are allowed to vary. The right panel shows the quantity
Φ(τ) ) [P*0 (τ) - P0]/[P*0 (λτ , 1) - P0] (eq 21) versus the delay
time, τ. P*0 (τ) is determined by the fit with eqs 14b and 18 and
reflects the effects of both rebinding kinetics and conformational
interconversion. P*0 (λτ , 1) is calculated from eq 6a and is
determined only by conformational differences in rebinding kinetics.
P0 is from eq 20. The solid lines are exponential fits,Φ(τ) ) e-λτ,
to the relaxation in different solvents at different temperatures. The
values ofλ are listed in Table 3.

Table 3: Interconversion Rates of the Open and Closed States of
MbCO at pH 5a

solution T (K) λ (s-1)

aqueous 273 1.4× 106

35% glycerol 273 3.7× 105

75% glycerol 293 1.2× 105

75% glycerol 273 2.3× 104

75% glycerol 264 8.1× 103

a λ is the sum of the forward and reverse interconversion rates for
the transition between the open and closed states of MbCO, obtained
from the fit Φ(τ) ) exp(-λτ).

FIGURE9: (Left panel) Double-pulse experiments on H64L MbCO
in 75% glycerol solution at 264 K with 80-ns delay. The solid
dots are the rephotolyzed ensemble kinetics, CN*( t, τ). The inset
is an expansion figure. (Right panel) Comparison between the
superposition prediction and double-pulse experimental results of
MbCO in pH 4.9 75% glycerol solution at 264 K with 100-ns delay.
The solid dots are the kinetics of the rephotolyzed population,
CN*( t, τ). The solid line is the superposition analysis prediction
from eqs 6a, 14b, and 18 using the parameters from Table 2 and
leavingD0 free to vary (D0 ) 1.0). The inset is an expansion figure.
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that result from photolysis by only the second pulsewithout
scaling (this automatically satisfies the equal photolysis
conditions; see Figure 1, right panel). The significant
difference betweenN*( t, τ) (∼25% missing amplitude) and
NS2(t) (∼40% missing amplitude) suggests that MbO2 is
inhomogeneous on the 70-ns time scale at 273 K. In order
to extract more information from the MbO2 kinetics,NS(t),
N*( t, τ), andNS2(t) were normalized and compared (right
panel of Figure 10). The result shows that, after renormal-
ization, these curves are overlapped within the errors. One
simple explanation is that MbO2 has two conformations with
very different photolysis yields and the kinetics after 10-ns
arises from only one conformation (φ1

(2) ) 1, P1 ) 0.64),
while the other component is not photolyzed (φ2

(2) ) 0, P2
) 0.36) by a 10-ns pulse. This explanation is consistent
with the quantum yield study of MbO2 at 8 K, which found
that only a fraction (0.4( 0.1) of the sample could be
photolyzed by a 40-ps pulse (Chance et al., 1990).

DISCUSSION

(A) Transitions among the “A-States”.Transition rates
among the “A-states” of MbCO in 75% glycerol solution
have been measured previously using infrared spectroscopy
in combination with flash photolysis (230-280 K) and
pressure release (190-220 K) techniques (Young et al., 1991;
Frauenfelder et al., 1990; Iben et al., 1989). The double-
pulse kinetic selection experiments presented here also
monitor interconversion rates between theA0 (open) andA1
+ A3 (closed) states of myoglobin. In Figure 11, we present
a comparison of the MbCO open and closed interconversion
rates (λ) as a function of viscosity (η) using all available
data at pH∼ 5-6. The rates from double-pulse experiments
in 75% glycerol solution at 264, 273, and 293 K (open
squares) agree very well with the rates obtained from IR
flash photolysis experiments in 75% glycerol solution at
230-280 K (Young et al., 1991; open circles). The solid
circles are the data from double-pulse experiments at 273 K
in aqueous, 35% glycerol, and 75% glycerol solutions (Table
3). The solid points at low viscosity (λ ∼ 106 s-1) represent
the first measurements of the conformational interconversion
rates for transitions between the open and closed states of

Mb as physiological conditions are approached (aqueous, 273
K).
In analogy with the treatment of solvent viscosity effects

on protein conformational relaxation by Ansari et al. (1992),
we express the temperature- and viscosity-dependent inter-
conversion rates as

whereλ+,- are the transition rates between the open and
closed conformations,kB is the Boltzmann constant,T is
temperature, andη is viscosity.7 The parameterK is
independent of viscosity and temperature, whileσ represents
the contribution of the protein to the total friction andE0 is
the energy barrier for the transition from the open to the
closed state.
We simultaneously fit the temperature-independent data

[λ(η, 273 K), solid circles, solid line] and the temperature-
dependent data [λ(η, T ), open symbols, dashed line] using
eq 22, with the free energy difference between the open and
closed states fixed to the value∆ ) -kBT ln (P0/P1) = 1.7
kJ/mol determined from eq 20 at pH 5. The unknown
parameters are found to beK ) 1.9× 109 cP/s,σ ) 2.2 cP,
andE0 ) 16 ( 5 kJ/mol.8 As for the “tier 1” relaxation
process studied by Ansari et al. (1992), the value obtained
for σ indicates that whenη e 1 cP (aqueous solution), the
contribution of the viscosity toλ is small, so that protein

7 The viscosity of water is taken from theHandbook of Chemistry
and Physics(1984, 65th edition). The viscosity of the sample in 75%
glycerol as a function of temperature was calculated from the empirical
equation of Hasinoff et al. (1977), based on the measurement with high
percentages of glycerol [>50% (wt)]: log η ) aG3 + bG2 + cG +
dG/T + eG2/T 2 + f/T + g/T 2 + h, whereG is the (w/w) percentage
of glycerol,T is temperature (in kelvins),a) 5.43× 10-6, b) -1.31
× 10-3, c ) 1.24× 10-1, d ) -2.28× 101, e ) 5.86× 101, f )
-4.15× 102, g ) 2.88× 105, andh ) -5.56. The viscosity of 35%
glycerol solution is also calculated from this equation as an approxima-
tion.8 Note thatE0 cannot be compared directly to the phenomenological
“energy barrier”EB ) 10 kJ/mol that Young et al. obtained by fitting
λ with a non-Arrhenius equationλ(T) ) AB exp[-(EB/kBT )2].

FIGURE 10: Double-pulse experiments on MbO2 in 75% glycerol
at 273 K with 70-ns delay. In the left panel, the open circles are
the single-pulse kinetics,NS(t). The open diamonds are the double-
pulse kinetics,ND(t, τ). The filled circles are the kinetics of the
rephotolyzed population,N*( t, τ). The plus signs are the single-
pulse kinetics,NS2(t), when the sample is photolyzed only by the
second pulse (see Figure 2). The right panel is a comparison of
NS(t) with the rescaledN*( t, τ) andNS2(t).

FIGURE 11: Viscosity-dependent open/closed interconversion rates
for MbCO. The open circles are data from transient IR measure-
ments of Young et al. (1991) in 75% glycerol solution at 280-230
K. The open squares are the data from kinetic selection experiments
in 75% glycerol solution at 293, 273, and 264 K. The solid circles
are the data from kinetic selection measurements at 273 K in
aqueous, 35% glycerol, and 75% glycerol solution. The whole data
set was fit with eq 22. The solid line represents the viscosity
dependence at 273 K (solid circles) and the dashed line is the
temperature dependence for a fixed 75% glycerol solvent composi-
tion.

λ ) λ+ + λ- ) K
σ + η

(e-(E0-∆)/kBT + e-E0/kBT) (22)
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friction and temperature dominate the interconversion rate
λ. However, whenη . σ, the solvent friction (viscosity)
controlsλ.
External conditions significantly affect the interconversion

between the open and closed states. Figures 8 and 11 show
that the interconversion rate decreases when the temperature
is lowered or the concentration of glycerol in the solution
increases, both of which increase the viscosity. For a sample
in 75% glycerol solution and a temperature change from 260
to 290 K, the exponential term in eq 22 changes only by
about a factor of 2 while the viscosity-dependent term
changes by about an order of magnitude. Under these
conditions, we see that the viscosity has a much larger
influence on the interconversion rate than does the temper-
ature.9

The conformational space of proteins has been classified
using a tier concept with different time scales for intercon-
version among states of a given tier (Young et al., 1991). In
75% glycerol at 264 K, the interconversion rate between the
open and closed states of Mb was found to be 8.1× 103 s-1

(Table 3). On the other hand, on the basis of the results of
Figure 7 and 9, we can estimate the fluctuation rate among
the substates within the open conformation to be in the range
106-107 s-1, more than 2 orders of magnitude faster than
the interconversion between the open and closed states. This
estimate can be compared with relaxation rates extrapolated
from previous low-temperature pressure-release experiments
(Iben et al., 1989), which were carried out between 165 and
185 K on MbCO (it should be noted that the structural
changes associated with “tier 1” in this study probably
involve localized distal pocket configurations rather than
proximal histidine-heme geometry changes). In these
experiments, the “tier 1” relaxation rate,kr, was fit using
kr(T ) ) k0 exp[-(T0/T )2] with parameters log (k0/s-1) ) 17
( 2.5,T0 ) 1130( 80 K, so thatkr(264 K)∼ 109(3.5 s-1.
In contrast, extrapolation of the pressure-release analysis of
Young et al. (1991) for “tier 1” relaxation leads to log (k0/
s-1) ) 7 andT0 ) 842 K, so thatkr(264 K)) 4.7× 102 s-1,
which suggests that the localized distal pocket relaxation rates
are not yet well-defined at room temperature.
(B) Nonexponential Geminate Kinetics.Although non-

exponential geminate kinetics are observed at both low
temperature and room temperature, the sources of the
nonexponential behavior are totally different. Due to the
large geminate amplitude at low temperature, the nonexpo-
nential kinetics directly reflect a distribution of geminate
rebinding rates. However, at room temperature, the small
geminate amplitude observed for native MbCO at pH 7
suggests that ligand escape rather than rebinding is the major
contribution to the geminate rate (Tian et al., 1992). In
contrast, the kinetics of the mutant H64L have a large
geminate amplitude and the double-pulse experiments (Figure
2) show that the interconversion among the different (tier
1) conformations is fast enough to average the ensemble even
though it displays nonexponential geminate rebinding. This
result supports the conclusion outlined in an earlier report

(Tian et al., 1992), where we argued that distributed rebinding
rates could not account for the nonexponential character of
the MbCO geminate kinetics at room temperature, contrary
to a previous suggestion (Steinbach et al., 1991).

In the same report, we also suggested that the small
spectral shifts of the Mb Soret band observed during the
geminate phase (Tian et al., 1992; Lambright et al., 1991;
Ansari et al., 1992) were related to structural changes taking
place in the heme pocket that impart a fundamental time
dependence to the geminate rate. It is conceivable that the
interconversion between the open and closed states may
contribute to the observed spectral shifts, since the Soret
absorption bands of these conformations differ slightly
(Morikis et al., 1991). The mutant H64L, which lacks tier
0 (Balasubramanian et al., 1993), offers a basis for com-
parison (Figure 12).10 We note the appearance of a distinct
additional∼5-µs relaxation following CO photolysis from
the native protein (Figure 12, left panel) under the same
experimental conditions (75% glycerol, 293 K). We suggest
that this additional spectral shift is the signature of the open
and closed conformational equilibration atλ-1 ∼ 8 µs (Table
3).

However, measurements at the MbCO/deoxyMb equilib-
rium isosbestic point (∼430 nm) of the mutant H64L at 293
K (Figure 12, right panel) still exhibit evidence of a time-
dependent spectral shift, consistent with evolution of the
heme pocket structure on a time scale (10-100 ns) that is
somewhat more rapid than the open/closed interconversion
in the native protein. A review of the available spectroscopic
evidence on protein relaxation suggests (Sage et al., 1995)
that evolution of the Soret band on the nanosecond time scale
(Lambright et al., 1991; Tian et al., 1992; Ansari et al., 1994)
probes the long-time tail of the picosecond relaxation process
studied in some detail at room temperature using band III
(Jackson et al., 1994). In principle, this process may include
both proximal and distal components. Along with the
evidence for tier 1 equilibration before 100 ns presented here,
this is consistent with similar time scales for protein
relaxation and conformational equilibration (Post et al.,
1993).

9 The close agreement (see Figure 11) between the present data at
pH 5 and that of Young et al. (1991) at pH 5.7 indicates that the open/
closed interconversion rate is not strongly pH-dependent. Note that
protonation of the distal histidine is too slow to contribute to the
observed equilibration process at pH 5, based on the proton association
rate 1.5× 1010 M-1 s-1 reported for imidazole in aqueous solution at
298 K (Eigen et al., 1960).

10 The isosbestic point is operationally defined as the wavelength
for which∆A) 0 at the end of the geminate phase (∼20µs for native
MbCO and∼2 µs for H64L).

FIGURE 12: Transient absorbance measurements of mutant H64L
and native MbCO in pH 7 75% glycerol solution at 293 K. The
probe wavelengths are both at the isosbestic point between MbCO
and deoxyMb near 430 nm (see footnote 10).
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In summary, forT > 264 K the tier 1 fluctuation rate is
faster than the CO geminate kinetics, so that the kinetic
response is independent of initial (tier 1) conformation, but
the long-time tail of the protein relaxation may contribute
to the nonexponential geminate rebinding. Below 264 K,
both protein relaxation and conformational rate distributions
may contribute to the nonexponential geminate kinetics. At
still lower temperatures (below 180 K), both fluctuation and
relaxation processes are “quenched”, so that the distribution
of rates in the ensemble determines the nonexponential
behavior (Steinbach et al., 1991). Rebinding of some
ligands, such as NO, is rapid enough that individual protein
conformations may contribute independently to the kinetics
even at room temperature and be partly responsible for the
observed nonexponential kinetics (Gibson et al., 1992).
(C) Analysis of pH-Dependent Kinetics.A simple model

involving only two (open and closed) distal pocket confor-
mational states has been developed and used to analyze the
pH dependence of the MbCO rebinding kinetics. The
bimolecular rebinding and its pH dependence were discussed
previously in some detail (Tian, et al., 1992), so the geminate
kinetics have been emphasized here. The excellent fit of
the pH-dependent geminate rebinding kinetics and the
successful prediction of the kinetic response observed in the
double-pulse experiments (λτ , 1) strongly support this two-
state analysis.
The population of the open distal conformation is coupled

to distal histidine protonation, and its motion toward the
solvent helps to open a pathway for ligand migration. In
aqueous solution, the open-state geminate amplitude (I g1

0 )
is about a factor of 3 larger than the closed-state amplitude
(Ig1
1 ), while the open-state geminate rate (kg1

0 ) is about a
factor of 10 larger than the closed-state rate (kg1

1 ). The
significant increases of the amplitude and rate for the open
state indicate that it plays an important role in the control of
ligand binding at the heme [i.e.,kBA

0 /kBA
1 = (I g1

0 kg1
0 )/

(Ig1
1 kg1

1 ) ∼ 30]. As a result, the increase of the open state
populationP0 at lower pH in aqueous solution significantly
affects the geminate as well as the bimolecular kinetics.
In 75% glycerol solution at 264-293 K, I g1

0 = 3Ig1
1 ,

while kg1
0 andkg1

1 are the same as shown in Figure 4. The
equivalence ofkg1

0 andkg1
1 is not completely understood, but

it clearly signals major functional differences for the MbCO
rebinding reaction when the solvent is altered from aqueous
to 75% glycerol solution and indicates that the solvent
strongly perturbs the protein-ligand dynamics near room
temperature. The significant difference between the pH-
dependent kinetics of MbCO in aqueous and 75% glycerol
solutions is also supported by observations of the bimolecular
rates (see Table 2 at 273 K). When the pH changes from 7
to 4.9,〈ks〉 increases by a factor of∼3.5 in aqueous solution,
while it only increases 50% in 75% glycerol solution. This
significant difference cannot be explained by the small
difference of the open-state population in the two solutions.
This suggests that the association rate of the open state
(kon
0 ) must be much larger than for the closed state (kon

1 ) in
aqueous solution11 but only slightly larger in 75% glycerol
solution.

In another previous study (Sage et al., 1995), we found a
downshift of the iron-histidine mode of deoxyMb in 75%
glycerol relative to that observed in aqueous solution,
indicating a glycerol-induced alteration of the heme pocket
structure that might affect the protein dynamics and kinetics.
It is also conceivable that glycerol restricts the displacement
of the distal histidine, so that the distal pocket does not open
as completely as in aqueous solution, resulting in a decrease
of kon

0 /kon
1 .

Finally, we note the pH independence of the geminate rates
in 75% glycerol solution (Figure 4) and the similarity ofλ
and kg1

1 in aqueous solution (Tables 2 and 3). While it is
possible that these observations are simply coincidental, they
do not arise naturally within the superposition model
presented here. We have therefore explored a somewhat
more complex model, which allows the explicit introduction
of the interconversion rates into the observed kinetic
response. Such a model has many attractive features,
including two geminate phases, each with degenerate eigen-
values that could explain the equivalence ofkg1

0 andkg1
1 in

75% glycerol. In addition, this model can provide a direct
link betweenkg1

1 and λ for the aqueous case. Unfortu-
nately, the model suffers from its inability to quantitatively
account for the pH dependence of the double-pulse experi-
ments, so we have relied on the more straightforward
superposition model in the present analysis.
(D) Limitations of the Experiment and the Two-State

Model. The criterion for conformational equilibration em-
bodied in eq 3 is quite general. However, as a practical
method, the double-pulse kinetic selection method works best
for delay times occurring on time scales during which∼10-
80% of the population has rebound after the first pulse. At
very short delay times, only a small fraction of the molecules
rebind and the signal-to-noise level ofN*( t, τ) is reduced.
A similar limitation occurs at very long delay times (Post et
al., 1993; Agmon et al., 1994) when almost all the population
has rebound so thatP*i (τ) = Pi even before the onset of
interconversion.
The two-state model presented here to explain the pH-

dependent kinetic data includes the two geminate phases as
a population-weighted superposition, while bimolecular
rebinding takes place with a single average rate. Under more
general circumstances (e.g., at low temperatures when tier
1 interconversion becomes comparable to the geminate rate),
a more complex multiple-state model may be needed.
However, multiple-state models involve many transition
rates, which are difficult to determine uniquely. For
example, Ansari et al. (1994) proposed an eight-state model
to describe the viscosity-dependent nonexponential geminate
rebinding with fast and slow rebinding conformations (Ansari
et al., 1994). Since such a large number of parameters (37)
are needed in this model, many of them cannot be well
determined and some appear to be unphysical (e.g., their
relaxed binding barrierEBA ∼ 80 kJ/mol seems much too
large). We have also explored a variety of microscopic
models to account for the above data. These will be fully
discussed and evaluated elsewhere.

CONCLUSION

The kinetic selection experiments described here provide
a powerful tool for measuring the rate of interconversion

11 In previous work (Tian et al., 1993), we discussed the association
rates of the open and closed states and found thatkon

0 /kon
1 ∼ 20 in

aqueous solution at 273 K;kon ) ks/[CO], and [CO]) 1.57 mM at 1
atm and 273 K.
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among conformational substates of a protein. The intercon-
version rates between the open and closed states (tier 0) of
MbCO are found to lie in the range 104-106 s-1, depending
on solvent and temperature (264-293 K), while the equili-
bration rate of substates (tier 1) associated with the open
and closed states of MbCO in 75% glycerol solution at 264-
273 K is found to be faster than 106-107 s-1. Interconver-
sion between the open and closed states is quite sensitive to
environmental conditions, slowing down when the temper-
ature decreases and/or viscosity increases. At very low
viscosity (aqueous), temperature plays a major role in
controlling the interconversion rate. In contrast, at high
viscosity, the temperature is less important and viscosity
controls the interconversion rate.
A simple two-state model based on a population-weighted

superposition is used to analyze the geminate and bimolecular
kinetics. This simple two-state model for myoglobin is
strongly supported by the fits to the pH-dependent data and
the successful prediction of the kinetic response in double-
pulse experiments. In aqueous solution, the geminate rate
and amplitude of the open state are significantly larger than
those of the closed state, indicating that the open-state
conformation plays an important role in the ligand binding
from the heme pocket as well as in the overall ligand
association and dissociation processes (Tian et al., 1993).
In aqueous solution,λ ∼ kg1

1 is consistent with the opening
of a pathway for ligand escape upon transition from the
closed to the open state.
In 75% glycerol, however, conversion to the open state

does not occur until the end of the geminate phase (λ ,
kg1
0,1, kg2

0,1) so that the ligand must find alternate escape
channels. Moreover, the primary geminate rates associated
with the open and closed states are found to be equivalent.
This observation is not fully understood, but it is consistent
with the concept of alternative escape channels and clearly
signals major functional differences for the MbCO binding
reaction when the solvent is altered, demonstrating a strong
perturbation of glycerol on the protein-ligand dynamics near
room temperature.
Finally, we have studied the large-amplitude nonexpo-

nential geminate rebinding of a Mb mutant, H64L, which
lacks the distal histidine and the open and closed (tier 0)
substates. Conformational averaging is observed to be
complete within 100 ns at room temperature, refuting the
suggestion (Steinbach et al., 1991; Chu et al., 1995) that
nonexponential geminate kinetics at room temperature are
due to a quasistatic distribution of barrier heights, which
becomes the source of nonexponential behavior at lower
temperature. Studies of the transient absorbance at the
equilibrium isosbestic point of the deoxyMb and MbCO
(H64L and native) absorption spectra are consistent with time
evolution of the protein structure that contributes to the
nonexponential behavior.
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