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ABSTRACT: Absorption spectroscopy with nanosecond time resolution shows that myoglobin undergoes
conformational relaxation on the same time scale as geminate rebinding of carbon monoxide. Ligand
rebinding following photodissociation of the heme-CO complex was measured from the amplitude of the
average difference spectrum, while conformational changes were measured from changes in the detailed
shape of the Soret spectra of the deoxyhemes. Experiments in which the solvent viscosity was varied
between | and 300 cP and the temperature between 268 and 308 K were analyzed by fitting the multiwavelength
kinetic data with both empirical and molecular models. Novel numerical techniques were employed in
fitting the data, including the use of singular value decomposition to remove the effects of temperature and
solvent on the spectra and of a Monte Carlo method to overcome the multiple minimum problem in searching
parameter space. The molecular model is the minimal model that incorporates all of the major features
of myoglobin kinetics at ambient temperatures, including a fast and slow rebinding conformation and two
geminate states for each conformation. The results of fitting the kinetic data with this model indicate that
the geminate-rebinding rates for the two conformations differ by at least a factor of 100. The differences
between the spectra of the two conformations generated from the fits are similar to the differences between
those of the R and T conformations of hemoglobin. In modeling the data, the dependence of the rates on
temperature and viscosity was parametrized using a modification of Kramers theory which includes the
contributions of both protein and solvent to the friction. The rate of the transition from the fast to the slow
rebinding conformation is found to be inversely proportional to the viscosity when the viscosity exceeds
about 30 ¢P and nearly viscosity independent at low viscosity. The viscosity dependence at high viscosities
suggests that the two conformations differ by the global displacement of protein atoms on the proximal side
of the heme observed by X-ray crystallography. We suggest that the conformational change observed in
our experiments corresponds to the final portion of the nonexponential conformational relaxation recently
observed by Anfinrud and co-workers, which begins on a picosecond time scale. Furthermore, extrapolation
of our data to temperatures near that of the solvent glass transition suggests that this conformational
relaxation may very well be the one postulated by Frauenfelder and co-workers to explain the decrease in

the rate of geminate rebinding with increasing temperature above 180 K.

The binding of ligands by proteins is a fundamental process
in biology. One aim of modern biophysical studies is to
understand the molecular mechanism of this type of process
in detail. There is generally rather little mechanistic infor-
mation on ligand binding in conventional kinetic studies, such
as experiments in which reactants are rapidly mixed. Simple
behavior is usually observed, with both the binding and
dissociation reactions appearing to take place in a single step.
Important information, such as the rate of a conformational
change of a protein, can be totally obscured in such experi-
ments. In the case of heme proteins, kinetic studies using
flash photolysis have provided a powerful method for inves-
tigating conformational changes and the mechanism of ligand
binding, revealing them to be complex and interesting
processes. The power of the flash photolysis experiment is
that photodissociation of the heme-ligand complex produces
a coherent population of molecules in which the protein has
the conformation of the liganded molecule and the ligand is
still inside the protein. The evolution of this unstable
intermediate toward the protein conformation of the unli-
ganded molecule, as well as ligand motion and rebinding, can
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then be monitored by various spectroscopies with time
resolution as short as 10~13 s, Most studies have focused on
myoglobin or hemoglobin because of the considerable amount
of X-ray crystallographic information available for these
molecules. Inparticular, thestructures of boththe unliganded
molecules and the molecules liganded with carbon monoxide
oroxygen are known at high resolution, so that it is, in principle,
possible torelate the kinetics of spectral changes to the kinetics
of well-defined structural changes.

New concepts of ligand binding and protein conformational
changes relevant toall protein-ligand processes have emerged
from the studies on myoglobin and hemoglobin. These include
the discovery by Frauenfelder and co-workers of a continuous
distribution of protein conformations, so-called “conforma-
tional substates”, that produce a distribution of geminate-
ligand-rebinding rates in solid solutions at low temperature
(Austinetal., 1975; Beece et al., 1980; Steinbach et al., 1991)
and the discovery of geminate ligand rebinding in liquid
solutions at ambient temperatures by Duddell et al. (1979)
(Shank et al., 1976; Greene et al., 1978; Alpert et al., 1979;
Duddell et al., 1980a,b; Friedman & Lyons, 1980; Chernoff
et al.,, 1980; Cornelius et al., 1981; Catterall et al., 1982;
Morrisetal., 1982; Hofrichter etal., 1983; Henryetal., 1983a).
The work on conformational substates has stimulated the
development of analogies between the behavior of proteins

0006-2960/94/0433-5128804.50/0 © 1994 American Chemical Society



Conformational Relaxation in Myoglobin

and other complex systems, such as glasses, spin glasses, and
evolutionary trees (Frauenfelder et al., 1991). Geminate
rebinding, moreover, is a very general process and occurs in
all ligand-dissociation and -binding processes. It is a uni-
molecular process in which the ligand rebinds to its partner
before escaping into the solvent, after which rebinding occurs
ina bimolecular process (in bimolecular reactions the geminate
complex is called the encounter complex). In heme proteins,
geminate rebinding occurs on both picosecond and nanosecond
time scales.

One of the major objectives of the photolysis studies on
myoglobin, and the principal subject of this paper, has been
to develop a detailed molecular mechanism for ligand
dissociation and rebinding that also incorporates the protein
conformational changes that are known to take place from
X-ray crystallography. Although, as we shall see, there has
been considerable discussion of this issue, the present work
contains the first analysis of the problem, based on direct
measurements of the protein conformational kinetics.

The first mechanism to be proposed for ligand binding to
myoglobin arose from the pioneering study of Frauenfelder
and co-workers (Austin et al., 1975). They made the key
observation that at temperatures below about 160 K, rebinding
of carbon monoxide after flash photolysis with a microsecond
laser is highly nonexponential and appears to be a single process
extending from microseconds to kiloseconds. The extended
rebinding was interpreted as arising from a continuous
distribution of exponential processes. This observation of a
continuous distribution led to the postulate of conformational
substates, in which myoglobin exists in a continuum of slightly
different conformations, each with a different geminate-
rebinding rate. At low temperatures, these conformations
appear to be “frozen”, that is, they interconvert much more
slowly thanligand rebinding. Asthe temperatureisincreased
above the glass transition temperature of the glycerol/water
solvent, geminate ligand rebinding becomes multiphasic and,
infact,appears toslow down. Furtherincreaseintemperature
permits the photodissociated ligand to escape into the solvent,
thus decreasing the amount of geminate rebinding. At room
temperature, all ligands escape into the solvent during the
1-us photolysis pulse, and the geminate yield vanishes; ligand
rebinding from the solvent takes place in a simple bimolecular
process. The interconversion of conformational substates is
fast compared to the time scale of the bimolecular process,
and a single process (which is exponential under pseudo-first-
arder conditions) is observed with a conformationally averaged
rate.

All of these observations could be accounted for within the
framework of a simple reversible sequential model with
multiple geminate intermediates (Austin et al., 1975; Beece
et al., 1980):

AzBa2C=D=S

In this model, the ligand is bound to the heme in state A, is
in the region adjacent to the heme called the “heme pocket”
in geminate state B, and is in the solvent in state S. States
Cand D represent two additional geminate intermediates that
were required to describe the multiphasic geminate-ligand-
rebinding kinetics in the temperature range from 200 to about
280 K. These additional intermediates were interpreted as
arising from free-energy wells in other parts of the protein or
in the hydration shell. In this scheme, the path of the ligand
leaving and entering the protein is one in which it must
overcome a series of barriers. This picture is consistent with
the early X-ray finding that there is no open path between the
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solvent and the heme (Nobbs, 1966; Perutz & Matthews,
1966), and ligand binding must take place via a displacement
of amino acid side chains, providing a structural explanation
for at least one geminate state. According to this model, only
state B is populated by photodissociation below 160 K. As
the temperature is increased, the thermal energy becomes
sufficient to overcome the barrier between B and C, as well
as the subsequent barriers, so that geminate ligand rebinding
becomes multiphasic, with ligands returning to the heme after
overcoming one, two, or three barriers, and the overall rate
of geminate rebinding appears to decrease. This sequential
model was further elaborated by Frauenfelder and co-workers
(Beece et al., 1980) to fit the complete time course of the
rebinding kinetics after about 1 us as a function of solvent
viscosity between 200 and 330 K and for viscosities ranging
from about 10 to >103 ¢P. The data were modeled using a
modified Kramers rate expression (Kramers, 1940), by
assuming that the rate is inversely proportional to a fractional
power of the viscosity and reaches a limiting value at infinite
viscosity. This analysis yielded viscosity-dependent rates for
all of the steps with the exception of the ligand-binding step,
which was assumed to be viscosity independent.

It appeared, then, that the sequential model was capable
of providing a satisfactory explanation of the complete time
course of myoglobin ligand binding over a wide range of
temperatures and viscosities. It also successfully explained
geminate-rebinding kinetics at ambient temperatures in
hemoglobin (Hofrichter et al., 1983). There is, however, a
fundamental problem with the sequential model in that it
does not explicitly address the question of the effect of
conformational relaxation of the protein on the kinetics. In
the sequential model, the interconversion among conforma-
tional substates was only treated in the limits of frozen states,
i.e., nointerconversion, below 180 K, and complete averaging,
i.e., interconversion rates that are instantaneous relative to
geminate rebinding, above about 200 K. Furthermore, time-
resolved studies on hemoglobin had shown that conformational
relaxation did indeed occur on the same time scale as geminate
rebinding at room temperature (Lyons & Friedman, 1980;
Hofrichter et al., 1983). Moreover, the geminate kinetics of
carbon monoxide rebinding to myoglobin in aqueous solutions
at room temperature were found to differ considerably from
those predicted by extrapolating the low-temperature data
(Henry et al., 1983a), suggesting that some conformational
change occurred above the glass transition temperature of the
solvent. It was proposed that this conformational relaxation
could alter the geminate-rebinding rate, suggesting a more
complex model at room temperature (Henry et al., 1983b;
Hofrichter et al., 1985; Friedman, 1985).

The first formal model to deal explicitly with simultaneous
geminate rebinding and protein relaxation was developed by
Agmon and Hopfield (1983). They modeled the protein
conformational relaxation as one-dimensional diffusion along
a single, generalized protein coordinate and the ligand
rebinding as taking place along an independent reaction
coordinate with the barrier height dependent upon the position
of the protein coordinate. With this model, which only dealt
with the geminate-rebinding step, they were able to generate
multiphasic geminate rebinding without having to invoke
additional barriers toligand motion as in the sequential model.
Another important feature of this model is that it could
qualitatively explain the apparent slowing of geminate re-
binding as the temperature was increased above the solvent
glass transition as arising from a relaxation from a fast
rebinding distribution of conformational substates associated
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FIGURE 1: Comparison of the structures of deoxymyoglobin and its complex with carbon monoxide. Only the bonds connecting the polypeptide
backbone atoms are shown in addition to the heme and axial ligands. The dashed lines are the structure of deoxymyoglobin (Phillips, Brookhaven
Data Bank File IMBD), while the continuous lines are the structure of the carbon monoxide complex (Kuriyan et al., Brookhaven Data Bank
File IMBC). The two structures are superimposed by a least-squares procedure using only the backbone atoms from the B, C, and G helices.
This is the superposition used by Kuriyan et al. (1986). The shift of the protein atoms away from the heme on the side of the bound histidine

is barely perceptible.

with the liganded molecule to a slow rebinding distribution
of conformational substates associated with the unliganded
molecule.

More recently, Frauenfelder and colleagues (Steinbach et
al., 1991) have applied the Agmon~Hopfield approach to
reanalyzing the ligand-binding kinetics. By analogy with the
relaxation of glasses, they used a stretched exponential of the
form exp(—kt)? to describe the assumed protein relaxation,
called Mb* to Mb, which resulted in an increase in the barrier
for rebinding above about 180 K. There are two possible
shortcomings of the model of Steinbach et al. (1991). First,
the kinetics of the conformational relaxation of the protein
were not measured. Second, their model does not include the
possibility of rebinding from more than one geminate state as
described earlier (Austin et al., 1975; Beece et al., 1980).

Fromthe above discussion, it should be clear that the critical
missing element in understanding the mechanism of ligand
binding in myoglobin is the direct measurement and char-
acterization of the kinetics of protein conformational relax-
ation. A comparison of the X-ray crystallographicstructures
of myoglobin and its carbon monoxide complex shows that
the conformational changes between the liganded and unli-
ganded molecules are quite small: there is a localized
rearrangement of residues on the distal side of the heme
resulting from removal of the ligand as well as a very small
global motion of the protein atoms on the proximal side caused
by displacement of the iron from the heme plane (Phillips,
1980; Hanson & Schoenborn, 1981; Kuriyan et al., 1986)
(Figure 1). The average displacement away from the heme
in this global motion is only about 0.02 nm. The spectral
changes associated with these conformational changes are
therefore expected to be very small compared to the spectral
changes associated with ligand dissociation and rebinding.
Nevertheless, the importance of the problem has sparked a
considerable effort to measure the kinetics of conformational
changes in myoglobin.

At temperatures less than 160 K, deoxyheme optical changes
of the near-infrared band, originally attributed to confor-
mational relaxation (Ansari et al., 1985), were subsequently
shown to arise from “kinetic hole burning” (Campbell et al.,
1987; Agmon, 1988; Nienhaus et al., 1992), that is, faster
binding conformational substates possess a longer wavelength
near-infrared band, resulting in an apparent shift of this band
to shorter wavelengths as ligand binding proceeds. Kinetics

of protein conformational changesin the religanded state have
been measured by monitoring the infrared spectrum of the
geminately recombined CO near the glass transition in
glycerol /water solvents (Young et al., 1991). Until recently,
measurements of protein relaxation at room temperature either
have been unsuccessful or have produced extremely limited
data. After the initial report from this laboratory that there
were no spectral changes of the deoxyheme photoproduct after
about 30 ns in aqueous solutions (Henry et al., 1983a), most
of the effort was directed toward experiments in the sub-
nanosecond time regime. Subnanosecond conformational
changes were inferred from differences in resonance Raman
frequencies of porphyrin modes at 30 ps and 10 ns (Dasgupta
etal., 1985), but no time course was measured. Other Raman
and optical studies showed no differences at these time delays,
presumably due to a lack of sensitivity of the measurements
(Findsen et al.,, 1985; Janes et al., 1988). A sub-30-ps
conformational change has, however, been suggested from
transient grating experiments (Genberg et al., 1991; Richard
etal., 1992). There havealso been limited kinetic observations
of a protein conformational change with a relaxation time of
100-200 ps in the deoxy photoproduct from circular dichroism
measurements (Xie & Simon, 1991),

Our approach to determining conformational relaxation
kinetics in myoglobin has been to measure precise optical
absorption spectra of the heme in the Soret region following
photodissociation with 10-ns pulses. In a previous study, we
found that the Soret spectrum at 30 ns following photodis-
sociation was slightly different from that of the immediate
photoproduct in water at room temperature (Henry et al.,
1983a). In the present study, we have been able to examine
the kinetics of the deoxyheme spectral changes by using
improved instrumentation and by performing the measure-
ments in glycerol/water mixtures to increase the viscosity
and thereby slow the kinetics into the time regime accessible
to our nanosecond spectrometer. By systematically varying
both the temperature and the viscosity, it has been possible
to investigate the conformational relaxation kinetics in detail
and to relate these kinetics to ligand binding by theoretical
modeling. A brief account of part of this study has already
appeared (Ansari etal., 1992). We should also point out that
Lambright et al. (1991) and Tian et al. (1992) have
independently observed the kinetics of these deoxymyoglobin
spectral changes, but there was no investigation of the viscosity
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dependence and no theoretical modeling. Since this work
was completed, extensive data on subnanosecond protein
relaxation kinetics has been reported by Anfinrud and co-
workers (Lim et al., 1993; Jackson et al., 1994) who have
made very precise measurements on the time dependence of
the shift in the frequency of the near-infrared band. They
observed a continuous change in this frequency from 2 ps to
about 1 us, which can be fit with a highly stretched exponential.

Although time-resolved spectroscopy is becoming a wide-
spread technique, there is still no straightforward methodology
for kinetic analysis of multiwavelength data. In the present
work, novel numerical techniques are introduced for fitting
multiwavelength kinetic data that should be generally useful
for any type of time-resolved spectroscopy. More specifically,
we represent the data in compact form for kinetic modeling
using singular value decomposition and use a matrix trans-
formation procedure that allows us to separate the spectral
changes due to ligand binding and protein conformational
changes from the spectral changes due to solvent and
temperature changes. To overcome the local minimum
problemindata fitting, we use a simulated annealing approach
with a Metropolis-type Monte Carlo algorithm.

MATERIALS AND METHODS

Sperm whale skeletal muscle metmyoglobin was purified
as previously described (Henry et al., 1983a); “50%” (56%
w/w) and “75%” (79% w/w) glycerol/water samples were
obtained by mixing equal volumes of glycerol and agueous
protein solution or 3 volumes of glycerol to 1 volume of aqueous
protein solution, respectively. The carbon monoxide (CO)
complex was formed by reduction with sodium dithionite and
equilibration with 1 atm of CO. The final samples contained
116-134 uM protein, 0.1 M potassium phosphate (pH 7.0),
and 0.01 M sodium dithionite.

Time-resolved optical absorption spectra following photo-
dissociation were measured with two Q-switched Nd:YAG
lasers producing 10-ns (fwhm) pulses (Hofrichteret al., 1991,
1994). The 532-nm second harmonic of one laser was used
to photolyze the sample, while the spontaneous emission of a
dye (stilbene 420) excited by the 355-nm third harmonic of
the second laser was used as a probe. A !/4-m spectrograph
and silicon vidicon tube read by an OMA detector controller
(PAR 1216) were used for measuring time-resolved absorption
spectra. To evaluate and eliminate the effects of photose-
lection, complete sets of spectra were measured using both
parallel and perpendicular orientations of the linearly polarized
excitation and probe pulses (Ansari et al.,, 1993). For each
set of solvent conditions, temperature, and polarization, an
experiment consisted of approximately 100 spectra measured
at logarithmically spaced time intervals from 20 ns to about
90 ms after photolysis together with linearly spaced data over
the time interval from about —20 to 20 ns. The degree of
photolysis in most experiments was about 95%. The data
could, however, be accurately scaled to 100% photolysis using
the measured anisotropy, the photoselection theory for
polarized photolysis experiments of Ansariand Szabo (1993),
and the observed order parameter for the internal heme
dynamics of 0.95 (Ansari et al., 1993).

Data Reduction. Each set of time-resolved spectra was
first analyzed using singular value decomposition (SVD) which
transforms the data matrix A into a product of three matrices,
i.e.,, A = USVT (Henry & Hofrichter, 1992). The columns
of U are a set of orthonormal basis spectra that describe all
the spectra in the data matrix A; the columns of V are the
corresponding amplitudes as a function of time and conditions;
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and S is a diagonal matrix with non-negative elements called
the singular values which are a measure of the contribution
of the corresponding basis spectrum to the data matrix. SVD
has the useful property that the components with the k largest
singular values provide the best (in the least-squares sense)
k—component fit to the data. At each solvent composition
and temperature, the transient spectra could be described to
very good accuracy by two basis spectra; the first was an
“average” deoxyMb-MbCO difference spectrum, and the
second was primarily a derivative around the deoxy peak.

In order to compare and quantitatively analyze the data
collected under different conditions of temperature and
viscosity, a “global” data matrix was constructed from the
first 12 SVD components from the individual experiments in
the three solvents (0%, 50%, and 75% glycerol). The SVD
of this global matrix provides a convenient and compact
representation of all of the data in which the time-dependent
amplitudes for all sets of conditions refer to the same set of
basis spectra. The largest contribution to noise in these
measurements arose from base-line offsets which result from
fluctuations in the intensity of the probe laser. These offsets
are uncorrelated with delay time and were removed as
described by Jones et al. (1992). Isotropic spectra were
calculated from the subset of the resulting V matrix which
corresponded to the parallel and perpendicular absorbances
measured under each set of conditions using the relation:
AODy, = !/3(AOD; + 2A0D ). Prior to the isotropic
averaging, the differences in the amplitudes of the spectra
due to variations in the level of photolysis between the parallel
and perpendicular data sets were eliminated by matching the
amplitudes at times long compared to the rotational correlation
time of the molecule. The SVD analysis showed that a
simultaneous description of all of the data required four basis
spectra.

When the data were represented in terms of a single set of
basis spectra, systematic dependencies of the difference spectra
on temperature and solvent composition became readily
apparent. An important property of the SVD carried out on
data collected at a single set of conditions is that the number
of basis spectra required to describe the data (plus one, since
we are measuring difference spectra) provides a lower limit
on the number of absorbing species present in the system
(Henry & Hofrichter, 1992). The spectra of heme proteins
are known to be temperature and solvent dependent
(Schomacker & Champion, 1986; Cordone et al., 1986, 1988;
Leoneetal., 1987), so these spectral changes are superimposed
on those produced by the kinetic intermediates when tem-
perature and/or solution conditions are altered. It therefore
becomes important to determine whether the additional
spectral components obtained from the SVD of the global
data set result from additional intermediate states or from
condition-dependent differences in the absorption spectra of
a smaller number of distinct molecular species. To address
this problem, we asked whether the temperature- and
composition-dependent effects in the measured difference
spectra could be separated from those which resulted from
time-dependent changes in the spectra. We assumed that, at
least to a first approximation, the effects of solvent and
temperature on the spectra of all deoxy photoproduct species
could be treated as identical. We then asked if an orthogonal
transformation of U, Us, and U, which optimized our ability
to represent V3 and V, in terms of V| under each set of
conditions x would provide an accurate description of the
observed amplitudes of these two components. If such a
transformation is found, it describes the temperature and
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solvent dependences of the average deoxy—CO difference
spectrum under each set of conditions as a linear combination
of Uy, Us, and Uy, using only a single set of time-dependent
amplitudes, that is, the values of V] obtained under conditions
x.

To carry out the search for this transformation, we defined
arotation matrix, R(8,¢,{), where 8, ¢, and ¢ are Euler angles.
We wish to determine the Euler angles which minimize the
residuals (62) between the third and fourth components of the
rotated V matrix, VR = RV, associated with a single set of
conditions and their representation as a scale factor times the
corresponding V5.

=3 > D Vi-gVn)’ (1
x j=34 icx

The notation {x} in eq 1 denotes some set of conditions which
define a single experiment (that is, a subset of values for the
rows index of the global V), and g;x denotes the linear least-
squares solution to the equation VR;(i € x) = g;,Vu(i € x).
The optimal transformation permitted more than 95% of the
original amplitude of both the third and fourth SVD
components to be represented as having the same time
dependence as the corresponding ¥;. The residuals produced
by representing V3 and V4 in terms of ¥; were much smaller
than those which were discarded in truncating the SVD to
four components.

This transformation allows us to represent the time
dependence of the measured spectra under all temperature
and solvent conditions in terms of two basis spectra. To model
the kinetics of the system, we therefore only need to consider
the time dependence of the first two components. One of
these basis spectra is the second column of U, the time
dependence of which is described by the second column of V.
The time-dependent amplitudes of the other basis spectrum
are described by the first column of V; the basis spectrum
associated with ¥ describes the average deoxy—CO difference
spectrum under each set of conditions and is a prescribed
linear combination of U, U,, and U,. It is important to
emphasize that the coefficients g;, in eq 1 are specified prior
to carrying out the fit to the kinetic data and therefore are
not included as parameters in the fitting procedure described
below. Comparison of the data matrix reconstructed from
this representation with the original data shows that the average
magnitude of the difference between the twao is less than 4 X
10~ OD unit. The maximum magnitudes of the measured
absorbance changes were approximately 0.5 OD, so the largest
spectral changes are represented to anaccuracy which is better
than 99.9% by this representation of the data.

Kinetic Modeling. Toquantitatively relate the experimental
results to kinetic models, we need to describe the ¥ components,
obtained from the SVD analysis described above, as linear
combinations of the populations of the species in the model.
At each temperature and viscosity, the amplitudes of the first
two components are linear combinations of the concentrations
of the molecular species which define the model:

V(T) = ¢(T)) PimcntTin)  j=1,2 (2)

where ¢, is the concentration of the inth species, p;. are the
coefficients that describe the spectrum of the mth molecular
species at some reference temperature 7pand solvent conditions
no, and ¢i(T,n) accounts for temperature- and solvent-
dependent amplitude changes in the basis spectra U;. To
simplify the problem, we assume that the difference spectra
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between the deoxy species (represented by the second basis
component) are identical at all temperatures and solvent
conditions, i.e., g2(T,n) = 1. This assumption is reasonable
because the observed spectral changes are quite small and all
of the deoxy photoproduct spectra arise from the same
electronic transition of the heme, perturbed only by slight
alterations in the protein conformation. The effects of solvent
and temperature on the band shapes and peak positions for
all of the deoxy spectra are, therefore, anticipated to be similar.
The perturbations of the deoxyheme spectra by the solvent
are also small and so are assumed to have, at most, a second-
order effect on the magnitude of the spectral changes which
result from the changes in the conformation of the unliganded
protein. The molecular spectrum of the mth species at T =
To and 5 = o may then be written in terms of the first two
columns of U as

2
M, () = D 42U\ 3)
j=1

where s;is the singular value of basis spectrum Uj and p;,, and
g;are parameters to be varied in a least-squares fit to the data.
For a model which contains n spectrally distinct molecular
species, eq 3 requires 2n coefficients which describe the spectra
of these species in terms of two SVD components. If it is
further assumed that U, describes only the deoxy spectral
change and has no contribution from ligand rebinding, then
V1 becomes a precise measure of the number of deoxyhemes
(i.e., ligand rebinding) and p;, = py; for all m; the number
of coefficients required to describe the spectra of n species
therefore reduces to n + 1. To describe the spectra of these
n species under all conditions, the parameters which must be
specified are a value of q;(T,n)p1; for each set of conditions
and np;,, coefficients which are independent of temperature
and solvent composition.

The time evolution of the system composition is calculated
from a kinetic model. To obtain rates at temperatures and
viscosities which differ from T, and 7o, we express the
temperature and viscosity dependencies of the rate constants
for each elementary step in the mechanism by an Arrhenius
relation with a viscosity-dependent prefactor (Ansari et al.,
1992):

r + E
W) = ko oo B(1-1)) @

where 7 is the solvent viscosity and Ej the activation energy.
The parameter ¢ has units of viscosity and can be thought of
as the contribution of the protein friction to the total friction
(see below) (Ansari et al., 1992). The rate constants under
all sets of conditions are parametrized in terms of k(Tg, 7o),
g, and Eq. In the remainder of the paper, we shall refer to
k(To, no) as simply k. Since viscosity is a purely dynamical
variable and therefore should have no effect on the equilibrium
constants, the rates were further constrained by equating the
value of o for the forward and reverse rates.

For the bimolecular step that describes the entry of the
ligand into the protein, we make an assumption motivated by
the study of McKinnie and Olson (1981) which separates the
effects of changing the solvent on the viscosity from the effects
of changing the solvent on the chemical potential of the free
CO. That is, we assume that the change in solvent has no
effect on the difference between the free energies of the
transition state and the free myoglobin, so that all of the change
in the free energy of activation results from a change in the
chemical potential of the free CO. This change in chemical
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potential can be measured from the change in CO solubility
(the solubilities are sufficiently low that activity coefficients
can be ignored). We therefore scale the bimolecular rate
constant by the ratio of the CO solubility under the conditions
of the measurement to that of the reference conditions (20
°C, 0% glycerol) to obtain a rate constant that depends only
on viscosity and temperature and not on the composition of
the solvent. The solubility of CO ([COg]) at 20 °C has been
measured for glycerol /water mixtures of varying composition
(Ackerman & Berger, 1963; McKinnie & Olson, 1981); we
use the numbers published by Mckinnie and Olson at 20 °C
and model the temperature dependence of the solubilities in
each of the solvents in terms of an enthalpy difference (Ey)
between the CO in the gas phase and in the solvent:

[COK(T)] = [CO5(293 K)] exp(%(%—ﬁ)) 5)

Both the temperature dependence of the CO solubility in each
of the solvents and the temperature dependence of the activated
entry step contribute to the temperature and solvent depend-
encies of the bimolecular step.

Fitting Procedure. The many-dimensional parameter space
that describes a model at all temperatures and solvent
conditions in terms of rate parameters, k, o, and E for each
elementary step was explored in some detail. The residuals
between the V components at each temperature and solvent
condition and those predicted from a model were minimized
in two stages. In the first stage, the residuals from the data
in 75% glycerol at three temperatures (0, 15, and 30 °C) were
minimized using a simulated annealing procedure (Kirkpatrick
et al., 1983; Press et al., 1986) based on that introduced by
Metropolisetal. (1953). Findingthe point in parameter space
which produces a global minimum in the value of x? is
analogous to the problem of finding the lowest free-energy
state in a complex system. If the system is cooled rapidly to
a low temperature, analogous to the case where a minimizer
is started from a random point having a large x2, then the
system can relax only to local minima, and the state which
the system reaches is highly dependent on both the point from
which it started and the rate of cooling. Finding a global
minimum becomes more probable if the system is annealed,
that is, if the potential surface is first explored at high
temperature where a large number of states are accessible
and the system is cooled slowly. Simulated annealing thus
permits the system to get out of local minima in favor of
finding better, more global, ones. The temperature can then
be lowered gradually to permit the portions of this surface,
which are characterized by smaller values of x2, to be explored
in finer detail. This procedure serves two purposes: (i) it
permits a coarse-grained and relatively efficient exploration
of the features of the parameter space which are consistent
with a relatively small subset of data and (ii) it permits a
pathway from relatively random starting values to a set of
parameters from which a more complete fit to all of the data
can be carried out with a probability for success which is high
enough to be productive without having to “tweak” the initial
values by hand. In addition, the number of distinguishable
parameter sets found provides valuable information on the
number of minima in the accessible parameter space.

To minimize the number of parameters in this search,
changes in solution viscosity which resulted from changes in
sample temperature were not considered explicitly at this stage
of the analysis; any contribution from the temperature
dependence of the viscosity was included in the apparent
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activation energy for each rate. The rates were represented
by a simple Arrhenius expression:

E
K(T) = k(T,) exp(Ea(TLo - lT)) 6)

The problem is to obtain sets of values for the rates k and
activation energies E, which provide a reasonably good
representation of this data, starting from random values
selected from a plausible set of starting values. Sets of trials
were carried out over a range of decreasing values for a
parameter which we denote as x2. x2 is a reference value for
the standard error of the fit that is analogous to &7 in a
Boltzmann probability. The value of xﬁ was initially chosen
to be large (1024) and then gradually decreased by factors
of 21/2, A randomstepin parameter space was always accepted
if x? decreased and accepted with a probability exp(-dx2/
xg) if x2increased. This xg-dependent probability allows the
system to escape local minima: the probability of taking a
large uphill step gets smaller as x§ is lowered. After a number
of steps at one XZa large enough to allow the system to
“equilibrate”, xg was decreased and the algorithm repeated.
The sizes of the steps in parameter space taken at each value
of xﬁ were empirically chosen so that approximately half of
the steps were accepted. The initial values of the parameters
at each x2 after the first were chosen as those that gave the
smallest residuals at the previous value. After 15 annealing
steps, or when the residuals did not go below xg, the
parameters which produced the minimum value of x2 were
stored for use as starting values for further minimization, as
described below. The entire procedure was repeated multiple
times from different sets of randomly chosen initial parameters.

Each set of minimized parameters obtained by this procedure
was then used as starting values for minimization using a
Marquardt-Levenberg algorithm (Marquardt, 1963). In
these fits, the data for all temperatures and solvent conditions
were fit simultaneously using the complete viscosity- and
temperature-dependent descriptions of the rates (eq 4). In
all of the fits x2 is defined as the sum of squared residuals
between the data and the fit to the data, divided by the residuals
obtained by subtracting two independent data sets measured
under identical conditions.

The entire kinetic model analysis, including solution of the
systems of differential equations describing the model, the
simulated annealing, and the least-squares fitting with variable
model parameters, was performed using a single computer
program written by E. R. Henry (unpublished work). This
program provides a versatile programming language interface
to many matrix analysis, optimization, and other numerical
procedures required for the analysis of experimental data.
The procedures incorporated into this program for the solution
of systems of ordinary differential equations were the LSODA
routines from the public domain ODEPACK package; these
routines incorporate methods for solution of stiff and nonstiff
systems of equationsas well as automatic selection of the
appropriate method (Hindmarsh, 1983; Petzold, 1983).

RESULTS AND DISCUSSION

The principal focus of this work has been to measure the
kinetics of conformational relaxation in myoglobin following
carbon monoxide photodissociation and to determine how this
relaxation influences the kinetics of ligand binding. As pointed
out in the introduction, conformational relaxation following
photodissociation has been invoked in theoretical analyses of
ligand-binding kinetics by Agmon and Hopfield (1983) and
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spectra following photodissociation of MbCO. The data under all

sets of conditions (water at 5, 20, and 35 °C; 50% glycerol/water from -5 to 35 °C in steps of § °C; 75% glycerol/water from -5 to 35 °C
in steps of 5 °C) were analyzed simultaneously. The first four components of the processed SVD of the data are shown. (a—d) Basis spectra
(columns of U). Components 2~4 have been rotated in order to separate the temperature and solvent dependencies of the spectra into the
3rd and 4th components by optimizing the fit of their time-dependent amplitudes to the first column of V for the same set of conditions (see
Materials and Methods). (e-g) Time-dependent amplitudes (columns of VS) at 20 °C. The data in three solvents are presented, (A) aqueous

buffer, pH 7.0, () 50% glycerol/water, pH 7.0, and (O) 75% glycerol/w

ater, pH 7.0. The ¥V components are normalized such that the first

component represents the fraction of deoxyhemes. (—) Phenomenological fits to the data obtained using eq 14 (x* = 4.8). The fits plotted
in (g) and (h) have the same time-dependent amplitudes as the fits in (e) but have been scaled by a least-squares fit of the predicted time

course to the data.

Frauenfelder and co-workers (Steinbach et al., 1991) but has
not been directly observed until the present work (Ansari et -
al., 1992) and the recent studies by Lambright et al. (1991),
Tianetal. (1992), Limetal. (1993),and Jackson et al. (1994).
In our experiments, high-precision transient absorption
measurements in the Soret region have revealed spectral
changes of the deoxyheme which are simultaneous with
geminate ligand rebinding (Figure 2). We interpret the time
course of these spectral changes as monitoring the kinetics of
protein conformational changes. Increasing the viscosity

constants. We then present an empirical characterization of
the data. This is followed by an interpretation of the results
in terms of a minimal kinetic model that incorporates the
principal facts about myoglobin kinetics from the present
studies as well as from previous work.

Effect of Viscosity on Rate Constants. Frictional effects
on rate constants of chemical reactions have conventionally
been discussed in terms of Kramer’s theory (Kramers, 1940;
Hinggi et al., 1990). Kramers idealized a chemical reaction

markedly slows the rate of the initial conformational change,
increases the amount of geminate rebinding, and extends
geminate rebinding to longer times.

Since the protein conformational relaxation is strongly
influenced by the solvent viscosity, we first discuss the problem
of parametrizing the effects of solvent viscosity on rate

as the one-dimensional motion of a particle from a potential
well over a barrier under the influence of interactions with the
solvent. His expression for the rate constant for this process

18
(\/ 1+ (3%1"-)2- 1) exp(-Eo/RT) (7)

4drw’'m
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where wy is the frequency of the well, {is the friction constant,
m is the mass of the particle, «’ is the frequency of the inverted
barrier, and Ej is the barrier height. In the limit of high
friction, where 2w'm « {, eq 7 simplifies to

w,w'm
k= Err exp(—Eo/RT) (8)

which predicts that the rate is inversely proportional to the
friction.

Equation 8 must be modified for proteins. Since only a
fraction of the atoms of a protein molecule are in contact with
solvent atoms, two sources of friction must be considered, the
friction of the solvent which retards the motion of atoms on
the surface of the protein and the internal friction of the protein
which slows down the motion of protein atoms relative to each
other (McCammon et al., 1979; Loncharich et al., 1992).
Assuming that the frictional effects of the protein and solvent
are additive, the Kramers expression for the rate constant
becomes

B

=—2  exp(-E,/R 9

of, + (1= )X, P(-Eo/RT) %)
where Bis a viscosity- and temperature-independent prefactor
that depends on the shape of the potential surface, {; is the
friction constant for motion in the protein, {; is the friction
constant for motion in the solvent which, according to Stokes’
law (¢ = 6myr), is proportional to its viscosity, and « is a
factor which weights the contribution of the two kinds of
friction. The parameter & may be naively identified with the
fraction of the protein atoms that are not in contact with
solvent atoms. If we ignore the dependence of the protein
friction constant on the solvent viscosity and temperature (as
well as on the location within the protein), the preexponential
factor can be written in terms of the known solvent viscosity
n and the adjustable parameters C and o:

k(Tn) = —— exp(—E,/RT) (10)

g+

which is equivalent to eq 4. In a slightly different empirical
analysis of the initial conformational relaxation, Ansari et al.
(1992) found that the dependence of the rate on viscosity
exhibits the form predicted by eq 10, with a rate approaching
viscosity independence at low viscosities (7 < o) and an inverse
first-power viscosity dependence at high viscosities (7 >> ).

In a previous analysis of ligand-binding data, using the
sequential model discussed in the introduction, Beece et al.
(1980) parametrized the rate constants for ligand motion using
a relation of the form:

k(Tm) = (A° + nﬁ) exp(-E,/RT) an

where the exponent « was restricted to values between 0 and
1 toaccount for the attenuation of the effect of solvent viscosity
by the protein (Gavish, 1980, 1986). The use of eq 11 was
motivated by the fact that the observed rates appeared to
reacha saturating value at very high viscosities (>104cP) and
to have a fractional viscosity dependence at intermediate
viscosities (10104 cP). As pointed out in the introduction,
there is no explicit treatment of conformational relaxation in
a sequential model. The rates derived by Beece et al. (1980)
are therefore only apparent rates and may contain contribu-
tions from conformational relaxation as well as ligand motion.
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In general, we might expect two qualitatively different
classes of dynamical processes in proteins. In the first, which
is typified by a conformational change of the protein that
requires displacement of solvent atoms, motion along the
reaction coordinate is damped because of direct interaction
between the solvent and the protein atoms. Kramers’ equation,
modified as in eq 10 to include contributions from protein
friction, is applicable for this process. In the second kind of
process, which is typified by the motion of ligands inside the
protein or the catalytic step of an enzyme, the specific
molecular coordinates which are changed and thereby define
the reaction coordinate are not directly coupled to the solvent;
the solvent viscosity only affects the dynamics of the process
indirectly through its influence on the conformational dy-
namics of the protein. The viscosity dependence for this process
shows deviations from the Kramers’ behavior (Agmon &
Hopfield, 1983; Agmon & Kosloff, 1987). Zwanzig (1992)
hasrecently pointed out aninteresting situation in which ligand
motion through a bottleneck has no viscosity dependence per
se but an apparent fractional viscosity dependence can arise
if the radius of the bottleneck fluctuates on the same time
scale as the ligand motion and if the rate of decay of the
fluctuation, which may be identified with protein motions, is
inversely proportional to the solvent viscosity. Therefore, for
the second kind of process, a fractional viscosity dependence
may be a better description in the high-viscosity limit. In our
kinetic modeling, we shall treat conformational relaxations
and ligand motion explicitly and, for simplicity, use eq 10 to
describe both types of rate processes. Inour admittedly highly
simplified parametrization, we may use the magnitude of the
parameter g, which is proportional to {e/(1 - @), to tell us
something about the nature of the structural change associated
with the motion along the reaction coordinate. For example,
alocalized conformational change in the interior of the protein,
with « close to 1, would yield a large value for o, whereas a
global conformational change would result in a small value
for o.

Finally, we should point out the connection between our
expression for the rate constant and the equation used by
Steinbach et al. (1991) for the protein relaxation that was
assumed in fitting their ligand-rebinding data, i.e.,

k(T) = A exp[-(E/RT)’] (12)

If we substitute the relation for the viscosity n = 7. exp-
[(To/T)?] (Béssler, 1987), which provides an excellent fit to
the viscosity data over a wide range of viscosity, then eq 10
becomes, for 7 > o:

K(T,n) = fexp[—(romz ~(E/RD]  (13)

Iben et al. (1989) have found that T for 75% glycerol /water
is about 1130 K, indicating that if Eg is of the order of 2
kcal/mol or less, the first term will dominate at the
temperatures of the measurements of Steinbach et al. (1991)
and eqs 12 and 13 become isomorphic with E = RT.
Description of the Kinetic Data. Transient absorption
spectra of Mb after photodissociation of the bound ligand
were measured for two different glycerol concentrations (50%
and 75% glycerol/water) in the temperature range -5 to 35
°C and in water in the temperature range 5 to 35 °C. The
spectra under all conditions were analyzed using the SVD
procedure described in Materials and Methods. Pairs of ¥V
components under each set of conditions, corresponding to
experiments with the probe beam oriented both parallel and
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perpendicular to the excitation beam, were isotropically
averaged to eliminate changes in the absorption spectra
resulting from rotational diffusion of the photoselected
population which occurs on the same time scale as geminate
rebinding (Jones et al., 1992; Ansari & Szabo, 1993; Ansari
etal., 1993; Hofrichter et al., 1994). The spectralinformation
at all times and under all conditions is well described in terms
of four basis spectra with condition-dependent amplitudes.
Further analysis of these four basis spectra (see Materials
and Methods) showed that the data can be represented in
terms of two spectral components having linearly independent
amplitudes under each set of conditions and two additional
components that describe temperature- and solvent-dependent
differences in the time-averaged deoxy—CO difference spectra.
The higher order components, which comprise less than 0.1%
of the maximum data amplitudes, have been neglected.

Figure 2 shows the four spectral components and their
amplitudes at 20 °C for the three different solvents. The first
component is a deoxy—CO difference spectrum averaged over
all times and all sets of conditions; the time-dependent
amplitudes of this component for each set of conditions are
proportional to the fraction of deoxyhemes in the sample and
represent a very good approximation to the kinetics of ligand
rebinding. The higher order SVD components represent
deviations from this average spectrum. The second basis
spectrum (U,) is, to a good approximation, a derivative
spectrum about the deoxyMb peak, and this component
describes all of the observed deoxy spectral changes; the
corresponding amplitudes are determined by both the kinetics
of ligand rebinding and the kinetics of conformational changes
of the deoxy species. The presence of this component, together
with the fact that its amplitudes are linearly independent from
those of U, implies that there are at least two spectrally distinct
photoproduct species in the system with distinguishable time-
dependent populations. As described in detail in Materials
and Methods, the third and fourth components were found to
represent temperature- and solvent-dependent differences in
the average deoxy—CO differencespectra. (Thesecomponents
are absent in the SVD of an individual data set.) For each
temperature and solvent composition, the time-dependent
amplitudes of these components are proportional to the
amplitude of the first component. The results of this analysis
show that the kinetic information under each set of conditions
can be represented in terms of only fwo basis spectra, and
their associated amplitudes provide an optimized description
of ligand rebinding (¥;) and the change in the deoxyheme
spectra (V3).

The most striking feature of the time-dependent amplitudes
in Figure 2 is that the amplitude of the deoxy spectral changes
observed at times less than about 300 ns increases dramatically
as the viscosity increases at 20 °C (Figure 2f). When the
temperature is lowered under fixed solvent conditions, a similar
increase in this amplitude is observed. The first two columns
of V measured in 75% glycerol/water at temperatures from
0 to 30 °C are shown in Figure 3. The initial amplitude of
V, increases by nearly a factor of 2 and the characteristic
time for its initial decay increases by about a factor of 6 as
the temperature decreases from 35 to -5 °C. These effects
of temperature are comparable in magnitude to those observed
when the viscosity isincreased (Figure 2). The observed effects
of experimental conditions on the amplitude of the deoxy
spectral change are much too large to be ascribed to
temperature- and solvent-dependent differences in the spectra
of the deoxy photoproduct. If the temperature and solvent
dependencies of these spectra are assumed to be comparable
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FIGURE 3: Temperature dependence of the kinetics of ligand rebinding
and spectral changes. Thetime-dependent amplitudes corresponding
to (a) the first component and (b) the second component are plotted
as a function of time. The data plotted are for 75% glycerol/water
at four temperatures: (0) 0 °C, (@) 10 °C, (O) 20 °C, and (m) 30
°Cand have been normalized asin Figure 2. (—) Phenomonological
fits to the data obtained using eq 14 (x2 = 4.8).

to those observed for the equilibrium deoxy spectrum by
Cordone and co-workers (Cordone et al., 1986, 1988; Leone
et al., 1987), the amplitudes are predicted to change by only
4-5% over this range of temperature and solvent conditions.
While the possibility that the actual differences in conforma-
tion between MbCQO and deoxyMb are solvent and temperature
dependent cannot be ruled out, the most reasonable explanation
for the increase in the observed amplitudes is that the rates
decrease as the temperature is lowered or the solvent viscosity
raised. As a result, more of the process responsible for the
amplitude change becomes observable at times longer than
our laser pulsewidth.

It is instructive to explore some of the features of the data
using a model-independent analysis. The parametrization of
this empirical description must be assumed a priori to permit
an efficient and compact description of thedata. Inparticular,
the parametrization selected must account for the changes in
the amplitude of the deoxy spectral change observed in Figures
2 and 3. We assume that the changes observed arise from
differences in the rate of conformational relaxation and not
from solvent- and temperature-dependent changes in the
photoproduct spectra. The ¥ components that describe the
kinetics of ligand rebinding and deoxy spectral changes in the
temperature range —5 to 35 °C were represented by three
unimolecular processes (in the geminate phase) and one
bimolecular process in which ligands rebind from the solvent:
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3
Vi6Tm) = a,(T,n) expl~(k; 1)°] +
=1
[CO] - [Mb]
(14
[CO] explk,t(ICO] - [Mb])] - [Mb]

o, (T,m)

[Mb] is the protein concentration that contributes to the
bimolecular process and, for 100% photolysis, is given by a4/
Ty, times the total protein concentration; [CO] is the free
CO plus the CO liganded to Mb which escapes into the solvent
after photolysis. We assumed that ay;, the amplitude of the
spectral change which takes place between the initial pho-
toproduct and the state observed at the end of the first
conformational relaxation, is independent of both temperature
and solvent conditions. The value of 8; was allowed to vary,
but the second and third processes were assumed to be
exponential (i.e., 8 = 1; 83 = 1). The use of a stretched
exponential to describe the first relaxation was motivated
primarily by the fact that the existing data at low temperature
and/or high solvent viscosities for times longer than about 10
ns strongly suggest that this process is not adequately described
by a single exponential relaxation (Beece et al., 1980;
Lambright et al., 1991; Ansari et al., 1992; Tian et al., 1992).
The dependence of the rates for these processes on experimental
conditions was described by eq 4. The reference conditions
for k(To,mo) were chosen to be 5 °C in 75% glycerol /water.

The parameters that describe the rates for these relaxations
and the corresponding amplitudes are summarized in Table
1, and the fit to a subset of the ¥ components is shown in
Figures 2 and 3. The optimal value of 3,, 0.59, supports our
assumption that this process is more complex than a single
exponential relaxation and therefore involves more than a
single intermediate state (an alternative description of the
kinetics of this relaxation which would also be consistent with
the data would be as a sum of two exponentials having rates
which differ by about a factor of 10 and roughly equal
amplitudes). The dependence of the rates for the four
relaxations on solvent viscosity is plotted in Figure 4. The
first relaxation rate (k;) exhibits a strong viscosity dependence
(o = 4). The rates for the second and third processes (k; and
k1) exhibit viscosity dependence above about 100 cP, and the
rate which describes the bimolecular process (k4) is nearly
viscosity independent.

The amplitudes obtained from this analysis are presented
inFigure 5. The amplitudes ay;correspond toligand-rebinding
amplitudes in each relaxation /. The fact that the ligand-
rebinding amplitudes for each of the geminate phases are
significant (Figure Sa—c) shows that geminate ligand rebinding
is distinctly nonexponential in all three solvents. The
amplitudes ay; corresponding to the deoxy spectral changes
are more difficult to interpret since they reflect contributions
from both ligand rebinding (the amplitudes of the deoxy
spectral changes decrease as the ligands rebind) and from
protein conformational changes. The amplitudes which result
from the conformational changes alone are obtained as
follows: the photoproduct spectrum prior to relaxation /,
PS;(\), may be written in terms of the amplitudes a;; and the
basis spectra U; as

4

, 4 ;alk
PS,(\) = (Z Uj(x)ajk)
=1 k=
’ ;aw

(15)
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Table 1: Summary of Parameters Used in the Empirical
Description

rate parameters  process 1¢ process 2 process 3 process 4
k(T,m) (s-1)® 32X 107 6.5% 108 4.1X105 17X 106 M-t
a (cP) 4.7 114 69 1 X103

Ej (kcal/mol) ~0 3.1 37 2.4

solvent T (°C) ay (237 a9 a3 Q3 (237 277

T5%gly -5 0.170 0.083 0.021 0.135 0.004 0.611 -0.018
0 0.132 0.077 0.020 0.122 0.005 0.669 -0.016

5 0.102 0.071 0.019 0.107 0.007 0.720 -0.016

10 0.079 0.067 0.018 0.088 0.007 0.766 -0.015

15 0.061 0.062 0.016 0.077 0.007 0.800 -0.015

20 0.048 0.058 0014 0.063 0.007 0.831 -0.013

25 0.038 0.054 0.012 0.052 0.007 0.855 -0.012

30 0.030 0.051 0.009 0.039 0.007 0.879 -0.011

35 0.024 0.048 0.006 0.026 0.007 0.902 -0.011

50%gly -5 0.039 0.064 0028 0.116 -0.002 0.781 -0.011
0 0.034 0.059 0.025 0.094 -0.002 0.813 -0.009

5 0.030 0.055 0.021 0.075 -0.002 0.839 -0.009

10 0.027 0.052 0.018 0.060 -0.001 0.862 -0.007

15 0.024 0.049 0.014 0.046 0.0 0.881 -0.007

20 0.021 0.046 0.011 0.035 0.001 0.898 -0.006

25 0.019 0.043 0.008 0.028 0.002 0.910 -0.005

30 0.018 0.041 0.005 0.020 0.002 0.922 -0.005

35 0.016 0.039 0.003 0.013 0.003 0.932 -0.005

water 5 0.018 0.040 0016 0.040 -0.015 0.903 -0.008
20 0.018 0.033 0.009 0.009 -0.011 0.941 -0.009

35 0.018 0.028 0.002 0.001 -0.008 0.953 -0.006

@ Process 1 is a stretched exponential with 8; = 0.59. & The rates are
calculated at 7= 20 °C and 5 = 56.6 cP, the viscosity of 75% glycerol/
water solution. ¢ The amplitudes are normalized so that Lo = 1; ay
(0.05) is assumed indpendent of the solvent conditions. 4 Protein
concentration = 116 uM; CO concentration = 278 uM; E; = 0 kcal/mol.
¢ Protein concentration = 128 uM; CO concentration = 345 uM; E; =
0.95 kcal/mol. / Protein concentration = 134 uM; CO concentration =
402 uM; E, = 5.3 kcal/mol.

where the second term in parentheses normalizes the spectrum
to the fraction of deoxyhemes present in the sample as
determined from the amplitudes of V. The total deoxy spectral
change in relaxation /, normalized to the concentration of the
initial photoproduct, is then defined by PS;(A) — PSp1(N).
The amplitude of the spectral change in the first relaxation
(normalized by setting the total fitted amplitude of the spectral
change at -5 °C in 75% glycerol /water to 1) is 0.55 and was
assumed to be independent of the solvent conditions. The
amplitudes of the deoxy spectral changes observed in the second
and third relaxations are plotted in Figure 5d,e. The spectral
changes observed for the second process increase in amplitude
with decreasing temperature in each solvent, while the spectral
changes associated with the third relaxation vary in both sign
and magnitude when the solvent composition is altered. The
spectral changes associated with the third relaxation are small
(<15% of the total spectral change) and were not observed
by Lambright et al. (1991) in experiments carried out on
humanMb in 75% glycerol/water. Since we have considered
only two SVD components in this analysis and have assumed
that the amplitude of the first component is proportional to
the fraction of deoxyhemes, the wavelength dependence of
the deoxy spectral changein each of the relaxations is described
by U,. There are no deoxy spectral changes in the fourth
relaxation, and the amplitude ap4 corresponds entirely to ligand
rebinding. Singular value decomposition of all the spectra in
this relaxation yields a single component that corresponds to
bimolecular rebinding to the relaxed deoxy conformation with
higher order components that are less than 0.4%. In other
words, protein conformational relaxation is complete prior to
the bimolecular rebinding step.

The most striking result obtained from this empirical
analysis of the kinetics of ligand rebinding and deoxy spectral
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FIGURE 4: Dependence of the relaxation rates obtained from the
empirical fit (eq 14) on solution viscosity. (a) The plotted values are
the rate constants at 20 °C, obtained using eq 4 and the parameters
in Table 1. The arrows indicate the values of o that characterize the
viscosity dependence of each of the relaxations. The bimolecular
rebinding rate from the solvent, k4, has units of M-! s-!; the
corresponding o is >10° cP. (b) The plotted values are the rates for
protein conformational change (k) and the initial ligand-binding
step (ky) at 20 °C, estimated from the empirical fit. k;ineq 14 may
be approximated as k; =~ ky + k; and the rebinding amplitude in the
first relaxation as ay /Sy ~ ky/(ky + k:). ky and k,, calculated
from the empirically determined &, and ay;, are plotted as a function
of the solvent viscosity. The lines through the data points are a fit
using eq 4 with ¢ = 64 cP and E, ~ 0 kcal/mol for kp and ¢ = 4.4
cP and E, = 0.25 kcal/mol for k.

changes is that the first relaxation, which includes the largest
deoxy spectral changes, depends strongly on solution viscosity
(Figure 4a). The fitted relaxation rates for this process are
dominated by the deoxy spectral change and therefore provide
a very good first approximation to the rates for the protein
conformational change. More accurate values are obtained
when the contributions of ligand binding to this relaxation
have been removed (Figure 4b). Both representations, when
described by eq 4, yield a value for ¢ of about 4 and a small
activation energy (Eo < 0.25 kcal/mol) so that nearly all of
the decrease in the rate observed at low temperature results
from the increase in viscosity. This result depends critically
on the assumption that the amplitude of the initial deoxy
spectral change is independent of conditions but does not
depend on the other assumptions used in empirically char-
acterizing this process. In particular, neither the parametri-
zation of this process as a stretched exponential nor the use
of eq 4 to describe the viscosity dependence are essential.
Similar results are obtained when this relaxation is fitted as
an exponential (8; = 1) (Ansari et al., 1992) and when the
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FIGURE 5: Fraction of total ligand rebinding and amplitudes of
spectral changes obtained for each relaxation from the empirical fit.
The first three panels (a—) show the fractional ligand-rebinding
yields for relaxations 1-3 obtained from the fits: (a) geminate yields
for the first, stretched exponential process, a1, (b) geminate yields
for the second exponential process, ay,, and (c) geminate yields for
the third exponential process, ;3. The corresponding amplitude for
bimolecular rebinding is given by a4 in Table 1. (dand €) Amplitude
of deoxy spectral changes in processes 2 and 3, calculated from eq
15. The amplitudes of the spectral changes have been normalized
such that the total spectral amplitude at -5 °C in 75% glycerol/
water is 1. The normalized amplitude of the spectral change in the
first process, which was assumed to be independent of solvent and
temperature, is 0.55.

viscosity dependence of the rate is empirically described by
—K

A Minimal Model. The principal results of the SVD and
the empirical analysis of the kinetic data (Figures 2—5, Table
1) are (i) that there are at least two deoxyheme spectra and
therefore at least two deoxymyoglobin protein conformations,
(ii) that protein conformational changes occur with viscosity-
dependent rates on the same time scale as geminate rebinding,
and (iii) that kinetic progress curves corresponding to both
ligand rebinding and protein conformational changes prior to
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the bimolecular rebinding phase are nonexponential. An
empirical description of the geminate kinetics under all
conditions reported in the present study requires one stretched
exponential which describes the bulk of the conformational
relaxation and two exponential relaxations which describe
the remainder of the geminate kinetics. Even in water, where
we previously reported geminate rebinding to take place in a
single exponential relaxation (Henry et al., 1983a), the
improved signal-to-noise ratioin the current experiments shows
that geminate rebinding is nonexponential (Figure 5). Non-
exponential geminate rebinding in water has also been observed
by Champion and co-workers (Tian et al., 1992).

Our approach has been to explain the data with the simplest
possible chemical kinetic model that contains all of the major
physical concepts. Chemical kinetic models assume thatthere
are well-defined intermediates that interconvert via exponential
time courses. Werecognize at the outset that this is probably
an oversimplification and that a more realistic description
may be required which permits, for example, nonexponential
protein relaxation. Nevertheless, the approach of chemical
kinetics appears to us to be a necessary first step. The model
that we have chosen to present here may be considered a
minimal model because it contains the fewest number of
intermediates consistent with the idea that there are multiple
protein conformations and multiple geminate states:!

Mb*CO « Mb*:CO = Mb*::.CO - Mb* + CO
! H ¢ t
MbCO « Mb:CO » Mb::CO ~ Mb + CO

A » B w C e § (16)

In order to facilitate comparison with previous analyses, we
use the notation of Frauenfelder and co-workers, in which A
refers to the state with CO bound, B to the state with CO in
the heme pocket, C to an additional geminate state, and S to
the state with CO in the solvent. In this model, Mb* and Mb
have distinct deoxyheme spectra that are independent of the
position of the ligand in the molecule. Mb* is assumed to be
the fast rebinding species and Mb the slow rebinding species;
the ligand-binding rate B* — A* is therefore constrained to
be greater than B — A. The basic idea of the model is that
at least part of the spectral changes are due to the transition
from the fast rebinding conformation Mb* to the slow
rebinding conformation Mb. The model does not require that
the liganded and unliganded protein conformations be identical
but implies that any conformational changes between A* and
B*, or between A and B, are much faster than the rates of
ligand rebinding.

The minimal model (eq 16) is consistent with the known
facts. The infrared spectra of the bound CO show at least
three distinct bands, which are assumed to correspond to
different conformations of the protein. The equilibrium
populations of the protein molecules corresponding to these
conformations depend upon temperature, pressure, and pH
(Ansari et al., 1986; Iben et al., 1989; Hong et al., 1990). At

1 We know from our empirical analysis of the data shown in Figures
2 and 3 thatan accurate description at low temperatures and high solvent
viscosities requires four exponential relaxations. From a purely phe-
nomenological point of view, a minimum of five species are required to
fit the data: a liganded state, an unliganded state with the ligand in the
solvent,and three geminate intermediates. Consequently, a kinetic model
with two conformations and one geminate state for each conformation
is insufficient to fit the data.

Biochemistry, Vol. 33, No. 17, 1994 5139

the temperatures reported in this study, only two of the three
conformations, designated by Frauenfelder and co-workers
as A and As, are significantly populated; the populations of
A and A; are approximately 75% and 25%, respectively; the
population of Ay is less than 4%. Ligand-binding studies at
low temperatures using infrared spectroscopy show that the
photoproduct of A; rebinds faster than that of A; (Ansari et
al., 1987); there is, therefore, a possible correspondance
between A* and A, and between A and As;. Inaddition, there
is both experimental and theoretical evidence for more than
one geminate state. Austinand co-workers (Hongetal.,1991)
found that the infrared spectrum of the photodissociated CO
broadens and becomes undetectable in less than 50 ns above
250K. This broadening presumably results from heterogeneity
in the environment of the CO, as might be expected if it
migrated to different parts of the protein. The molecular
dynamics calculations of ligand motion through the protein
by Elber and Karplus (1990) suggest that there is a finite
probability of ligands returning to the pocket immediately
adjacent to the heme before leaving the protein. Our minimal
model ignores rebinding from what Traylor, Magde, and co-
workers call the “contact pair” (Jongeward et al., 1988; Traylor
et al., 1992). The contact pair may be viewed as the initial
geminate state in which there are no intervening atoms between
the heme iron and the ligand. Picosecond rebinding studies
suggest that CO may be a unique ligand in that, unlike nitric
oxide, oxygen, imidazole, or alkyl isocyanides, it escapes from
this potential well before any ligand rebinding takes place.
The escape rate has been estimated from molecular dynamics
simulations to be about 25 ns-! (Schaad et al., 1993).

Before exploring the model in detail, we first ask whether
all of the spectral changes concurrent with the geminate-
rebinding phase can be derived from “kinetic hole burning”,
i.e., an apparent change in the photoproduct spectrum due to
rebinding alone without any interconversion between the two
conformers prior to the bimolecular phase. Tocarry out a fit
to the data, we assume that the interconversion between the
two protein conformations is slow compared to the geminate-
rebinding kinetics but that the two conformations can
equilibrate prior to ligand rebinding from the solvent. To
accomplish this, the rate constants for the interconversion of
the Band Cstates (i.e., B*= B and C*=C) were constrained
to be less than 104s~!. The equilibrium constant between the
liganded conformations A* and A, which determines the
relative initial populations of the two photodissociated species,
was assumed to be solvent independent and was varied as a
parameter in the fit. Small differences in the spectra of the
deoxyhemes at long times were parametrized by assuming
that the equilibrium between the two deoxy conformations is
solvent dependent. We find that the equilibrium population
of the two deoxy species as a function of the solvent changes
bylessthan 7%. Anyspectraldifferences between the liganded
conformations are assumed to be smaller than the significant
components retained from the SVD analysis and are therefore
ignored.

There are enough geminate states in the model to adequately
describe the ligand-binding kinetics. However, since the deoxy
spectral changes in a kinetic hole burning model arise from
differential depletion of the two conformers, the ligand-binding
rates and amplitudes that describe the spectra of the deoxy
species have to simultaneously satisfy the constraints imposed
by the rate and amplitude for the spectral changes. A Monte
Carlo search in parameter space produced a single minimum,
and the results of the fit are shown in Figure 6. The model
fits both the kinetics of ligand rebinding and the kinetics of
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the deoxy spectral changes very well. The fitted value of the
fraction of fast rebinding molecules (Mb*) is about 26%. This
result is consistent with the relatively small fraction of ligands
which rebind synchronously with the major changes in the
deoxy spectrum. However, a major problem is encountéred
with this fit; in order to explain the amplitude of the observed
spectral changes, the deoxy spectrum of Mb* must be very
different from that of relaxed deoxymyoglobin. Asshown in
Figure 6e, Mb* exhibits a double-peaked Soret band. To our
knowledge, such a double-peaked Soret band has never been
observed for a heme complex. Inaddition, in order to explain
the decrease in the observed amplitude of the deoxy spectral
change as the viscosity is lowered, the model predicts solvent-
dependent geminate rebinding with more than 10% molecules
having rebound in water within 10 ns (Figure 6d). This is
inconsistent with measurements of the absolute quantum yield
of 0.97 in microsecond experiments (Schuresco & Webb,
1978). We conclude, on the basis of the distorted Soret
spectrum and the large amplitude for subnanosecond geminate
rebinding in water, that it is unlikely that the spectral changes
observed in the geminate phase result exclusively from kinetic
hole burning and that protein conformational relaxation must
take place on the same time scale as geminate rebinding.?

We can now proceed to examine the model with no
constraints on the rate of interconversion of the two confor-
mations. The equilibrium constant between the two liganded
conformations, which determines the initial distribution of
the photodissociated species, was varied systematically to
determine its effect on the fit. Most of the rate parameters
and the spectra obtained from the fit were found to be
insensitive to the value chosen for the equilibrium constant;
we therefore fixed it from the infrared measurements, i.e.,
[A*]/[A]=[A1]/[A3] =exp(0.48/RT) (Ansarietal., 1987).
Exploration of parameter space with the Monte Carlo
procedure, in which the fits were started with random initial
values of the parameters, resulted in six fits representing at
least three different regions in the parameter space withsimilar
values for the x2. The fit of this model to the data with the
lowest value of x2 is shown in Figure 7 for the 20 °C data;
the model fits the major features of the data very well and
produces reasonable spectra for the two conformations. The
misfits in the kinetics of deoxy spectral changes could, of
course, be reduced by adding an additional tier of confor-
mational states at the expense of increasing the parameter
set. We have chosen not to do so since the parameter set is
already very large and highly correlated.

Because of the large number of parameters in the model
(14 independent rate constants, 9 values of o, and 14 activation
energies), many of the parameters were not well determined,
and different minimia with very different kinetic parameters
were found with similar values for x2. The fitted rate
parameters obtained from the three best fits are summarized

2 We explored the kinetic hole burning idea further by carrying out
a fitin which the equilibrium constant between the liganded conformations
was fixed from the equilibrium constant measured in the infrared
experiments, i.c., [A*]/[A] = [A1]/[As] = exp(0.48/RT) (Ansarietal.,
1987). This more constrained model, with one less parameter, cannot
simultaneously fit both the ligand-rebinding kinetics and the kinetics of
the deoxy spectral changes (the x2 increased by a factor of 3). The main
reason for the misfit is that the relative populations of the two conformers
were essentially reversed in this fit; the value for the fraction of rapidly
rebinding photoproduct (Mb*) as predicted by the infrared measurements
is about 70%, which is the exact opposite of the value for the populations
predicted by the model if the equilibrium constant between A* and A is
allowed to vary. Furthermore, the major problems remain, i.e., more
than 10% geminate rebinding in water within 10 ns and a double-peaked
Soret band for the slow rebinding Mb.
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FIGURE 6: Fit to the kinetic hole burning model. The data fitted
were for (A) water at 5, 20, and 35 °C, (O) 50% glycerol/water at
-5-35°Cin 5 °C steps, and (O) 75% glycerol/water at -5 to 35 °C
in 5 °C steps (x* = 13). The fits shown are to the data at 20 °C:
(a) fits to ¥ obtained using eq 16, (b) fits to ¥, obtained using eq
16, (c and d) fractional populations of the deoxy states B* (-~ —-),
B(—),C*+C(..),and S* + 8 (- - —) at 20 °C in (c) 75% glycerol/
water and (d) water, and (e) absorption spectra of deoxy species
Mb* (---) and Mb (—).

in Figure 8b—d. The main deoxyheme spectral change in the
time window between 10 and 300 ns (B* — B) results from
a protein conformational change with a rate that is well
determined, as evidenced by the narrow distribution of rate
constants, activation energies, and o’s from the fits. The rate
of this process is 8.6 (£4.1) X 10¢ s~! in 75% glycerol/water
solution at 20 °C, its activation energy is about 3 (£1) kcal/
mol, and its viscosity dependence is characterized by ¢ = 1.7
(+2.6, 1) cP. The geminate-rebinding rate for the faster
rebinding molecules (B* — A*) is 2.4 (£0.6) X 106 st with
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FiGure 7: Fit to the conformational relaxation model. The data
fitted were for (A) water at 5,20, and 35 °C, (O) 50% glycerol/water
at—51t035°Cin 5 °Csteps, and (O) 75% glycerol/water at —5 to 35
°C in 5 °C steps (x? = 14.4). The fits shown are to the data at 20
°C: (a) fits to ¥ and (b) fits to V; obtained using eq 16. (cand d)
Fractional populations of the deoxy states B* (---), B (—), C* +
C(..),and S* + S (~-~) at 20 °C in (c) 75% glycerol/water and
(d) water. The spread in the populations is from the three best fits
with comparable x2 of 14.4, 16.8, and 16.8. (e) Absorption spectra
of deoxy species Mb* (- —-) and Mb (—).

anactivation energy Eo = 2.8 (£1.5) kcal/mol and a relatively
small viscosity dependence (¢ > 10%). The geminate-rebinding
rate for the slower rebinding molecules (B — A) is about a
factor of 100 smaller and is less well determined in this model
since the dissociated ligand can either rebind directly or rebind
by equilibrating with the faster rebinding species. Owing to
the multiple pathways available to the system, the rate
parameters for most of the other steps are correlated and not
very well determined. Exceptions are the entry and exit rates
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FIGURE 8: Rate parameters obtained from the conformational
relaxation model fit tothe data: (a) conformational relaxation model
(eq 16), (b) rate constants at 20 °C in 75% glycerol/water, (c)
corresponding activation energies, and (d) values of ¢ for each of the
steps indicated in (a). The rate parameters plotted are for the three
best fits obtained from the Monte Carlo search with different starting
values for the parameters as described in Materials and Methods:
(O) x2 = 14.4, (O) x2 = 16.8, and (A) x? = 16.8. The other three
fits obtained from the Monte Carlo procedure have values of x2 =
26.8, 28.9, and 31.3. The average values of the parameters quoted
in the text were calculated using the values from all the fits weighted
by 1/x? and differ slightly from the average values obtained from
the figure. The units for the rate constants k(S — C) and k(S* —
C*) are M- 571,

from the solvent: the average exit rate (C* — S*, C — S,
averaged over the two conformations) is (k) = 5 (+7.5,-3)
X 106571, (E) = 9.4 (£3.6) kcal/mol, and the average entry
rate (S* > C*, S — Q) is (ks) = 1.1 (+2.4, -0.75) X 10®
M1l (Eg) = 1.7 (£1.9) kecal/mol.

Consideration of the values of the viscosity-dependent
parameter ¢ gives some insight into the nature of the kinetic
steps of the model. The large value of ¢ (=103) for the heme-
rebinding steps, indicating a small viscosity dependence,
suggests that the protein motions which influence ligand-
binding dynamics do not displace solvent atoms and are
therefore localized to the interior of the protein, In contrast,
the small value of ¢ (<10) for all of the conformational rates
between Mb* and Mb, indicating a large viscosity dependence,
suggests that the conformational change displaces solvent
atoms. The small value of ¢ for the conformational rates is
consistent with the idea that the conformational change is a
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global displacement of the protein atoms on the proximal side
of the heme, as depicted in Figure 1.

It is difficult to draw any conclusions about the viscosity
dependence of the individual steps describing the motion of
the ligand, since the value of ¢ depends upon the detailed
pathway which varies considerably from one fit to another.
One can, however, calculate the average viscosity dependence
for the entry and exit steps by averaging over the equilibrium
populations of the two deoxy conformations. The value of
{0¢s) (={0s)) thus obtained is about 80 cP, suggesting a
small viscosity dependence for this step. We should point
out, in this regard, that if the viscosity dependence for the
ligand motion steps is a result of viscosity-dependent transitions
between conformational substates that have not been explicitly
included in our model and that underlie the two conformations,
then, as discussed earlier, a preexponential factor of the form
A/ (eq 11) may be more appropriate for these steps (Beece
et al., 1980; Agmon & Hopfield, 1983; Agmon & Kosloff,
1987; Zwanzig, 1992).

One of the difficulties in fitting the data was to account for
the nonmonotonic change in the deoxyheme optical spectrum.
This complex behavior, particularly in water between about
100 ns and 10 us (Figure 2f), suggests that structural changes
other than the global displacement of atoms on the proximal
side of the heme are responsible for the spectral changes. One
such structural change might correspond to the process
observed by photoacoustic calorimetry. Inthe photoacoustic
calorimetric measurements, an endothermic process was
observed at about 700 ns subsequent to the completion of
geminate rebinding. This relaxation was interpreted as
resulting from a conformational change which permits the
salt bridge between Arg-45 and the propionate side chain of
the heme to reform (Westrick et al., 1987, Westrick & Peters,
1990). Theinitial breakage of the salt bridge was not resolved
but occurred in less time than the time resolution of the
measurement, which was about 50 ns.

A major advantage of measuring multiwavelength kinetics
is that kinetic modeling generates the spectra of the individual
molecular species. We have already used the spectra to help
rule out a pure kinetic hole burning model. Figure 7b shows
the deoxyheme spectra of the two deoxymyoglobin conforma-
tions generated from fitting the data with the minimal model.
The fast rebinding species (Mb*) exhibits a deoxyheme
spectrum which is red-shifted, is broader, and has a lower
peak extinction coefficient than the slow rebinding species
(Mb). The differences between the spectra are similar to
those observed in kinetic hole burning experiments (Ormos
etal., 1990). Theseare alsosimilar tothe spectral differences
that are observed between the fast rebinding R and slow
rebinding T conformations of hemoglobin (Sawicki & Gibson,
1976; Hofrichter et al., 1983; Jones et al., 1992) as well as
the differences between the immediate photoproduct and the
relaxed species of hemoglobin that exist prior tothe quaternary
conformational change from R to T. The X-ray structures
of deoxyhemoglobin in both the R and T conformations are
known, and the iron is more displaced from the heme plane
in the T conformation (Perutz et al., 1987). Another
interesting comparison with hemoglobin is that the geminate
yield of hemoglobin is much larger—40% for R-state hemo-
globin in water compared to about 6% for myoglobin (Figure
5a) in water. In hemoglobin, the relaxation rate is also much
longer for the initial relaxation—20 ns (Jones et al., 1992)
compared to about 2 ns (Figure 4a). These results suggest
that the much higher geminate yield in R-state hemoglobin
is due to a slower conformational relaxation, allowing more
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time for ligands to rebind to the faster binding tertiary
conformation.

SUMMARY AND CONCLUSIONS

The principal aim of this study has been to experimentally
characterize the kinetics of conformational changes following
photodissociation of the heme-CO complex in myoglobin and
to determine how these conformational changes influence the
kinetics of ligand rebinding. As was observed earlier (Lam-
bright et al., 1991; Ansari et al., 1992; Tian et al., 1992),
spectral changes of the deoxyheme photoproduct occur on the
same time scale as geminate ligand rebinding. These spectral
changesaresimilar to what have been observed for hemoglobin,
where comparisons with X-ray structures suggest that they
arise from a change in the displacement of the iron from the
heme plane (Murray et al., 1988). Since the position of the
iron is influenced by the protein conformation via its covalent
link to the proximal histidine, we attribute changes in the
spectrum to changes in the protein conformation.

There are two limiting interpretations of the spectral changes
in terms of conformational changes. Inone, there are two (or
more) conformations of the protein that are populated
immediately after photolysis and that do not interconvert
during ligand rebinding. If they have different rates of
geminate ligand rebinding and different deoxyheme spectra,
adeoxyheme spectral change concurrent with ligand rebinding
necessarily results from the differential depletion of one of
the conformers. This is known as kinetic hole burning. The
deoxyheme spectral change observed during the rebinding of
CO to a mixture of the fast rebinding R and slow rebinding
T conformations of hemoglobin is a classicexample (Hofrichter
et al., 1983, 1985). A second limiting interpretation is that
only a single protein conformation is populated upon photolysis,
which then undergoes a conformational change. This has
been called conformational relaxation. We have ruled out a
purekinetic hole burning model because the spectra produced
by such a model are implausible (Figure 6). The spectral
changes must therefore be due at least in part to conformational
relaxation.

Our problem, then, was to develop the simplest model which
contained conformational relaxation and could also explain
the nonexponential geminate rebinding. The model is the
minimal model that incorporates all of the major features of
myoglobin kinetics at ambient temperatures, including a fast
and slow binding conformation, Mb* and Mb, and two
geminate states for each conformation (eq 16). Inthe context
of this model, the conformational relaxation is understood to
be the interconversion of Mb* and Mb conformations. Because
of the large number of parameters in the model, it was not
possible touniquely determine all of the rate constants (Figure
8). Nevertheless, several important results emerged. First,
the model indicates that all three effects that have been
discussed in the past—multiple conformations (in this case
two) rebinding with different rates, conformational relaxation,
and multiple geminate states—can contribute to the nonex-
ponential rebinding. Second, the protein relaxation, whichin
this model is the transition from state B* to B (eq 16),
substantially decreases the rate of geminate rebinding as
envisaged in earlier work (Agmon & Hopfield, 1983; Henry
et al.,, 1983b; Hofrichter et al.,, 1985; Friedman, 1985;
Steinbachet al., 1991). The magnitude of this decrease is not
well determined at all temperatures but is of the order of 100
at 20 °C (Figure 8).

Another major result from the modeling is that the protein
relaxation rates (k(B* — B), k(C* — C), and k(S* — S))
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FIGURE 9: Comparison of measured rates for myoglobin confor-
mational relaxations and viscosity of glycerol/water solvent. (O)
Conformational relaxation rate in myoglobin from Steinbach et al.
(1990). The relaxation rates were derived from a fit to the ligand-
rebinding kinetics in 75% glycerol/water in the temperature range
160-210 K. (——-) Conformational relaxation rate k<(B* — B) in
75% glycerol/water obtained from a fit to the model (eq 16). The
values of the relaxation rates at low temperatures are obtained from
eq 4, using the values of Eyand o obtained from the fit and the values
of the viscosities indicated in the figure. The symbols (O) indicate
the temperature range over which the measurements were made. (W)
Inverse of the viscosities (in cP) for 80% w/w glycerol measured as
a function of temperature (Newman, 1971). The viscosities at lower
temperatures (dotted line) were estimated from an empirical
description of the viscosities for various liquids as a function of the
reduced temperature T;/T where T, is the glass-transition temperature
of the solvent; the viscosities for a number of liquids at T = T, were
shown to extrapolate to 1015 cP (Angell & Sichina, 1976). T, =173
K for 80% w/w glycerol was used in the calculation of the viscosities
(Rasmussen & MacKenzie, 1971).

are strongly dependent on solvent viscosity, as was found in
the empirical analysis (Ansari et al., 1992). In contrast, the
geminate-rebinding rate exhibited almost no dependence on
solvent viscosity. The dependence of the rate of protein
relaxation on 1/ at high viscosities (eq 10) indicates an
enormous slowing as the temperature is lowered toward the
glass transition. Isthistherelaxation postulated by Steinbach
et al. (1991) to slow down geminate rebinding as the
temperature is raised just above the glass transition? Figure
9 compares the rates determined from the model of eq 16 and
extrapolated to low temperature with the rates obtained by
Steinbach et al. from the fit to their ligand-rebinding data.
The extrapolated rates are significantly slower than those of
Steinbach et al., suggesting that there is a faster component
to the protein relaxation that has not been resolved in our
experiments. This faster component could very well be the
relaxation observed by Anfinrud and co-workers (Lim et al.,
1993). They described the shift in the near-infrared charge-
transfer band at room temperature in water in the range 2
ps-3 ns with a sum of three exponential terms with time
constantsof 3.5and 83 psand 3.3 ns. The 3.3-ns time constant
agrees well with the value of 4.7 ns obtained from the eigenvalue
for the first relaxation predicted by the modeling. More
recently, Anfinrud and co-workers (Jackson et al., 1994) have
extended their measurements to longer times and have found
that the protein relaxation appears to be a single continuous
process from picoseconds to about 10 usin 70:30 w/w glycerol /
water mixtures.

A further comparison of the different measurements may
be made by considering the amplitudes of the spectral changes
observed in these experiments. This comparison is most easily
made by discussing the observed spectral changes in terms of
the frequency shifts associated with the spectral change, that
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is, the changes in the first moments of the observed spectra.
Srajer and Champion (1991) made an interesting observation
that the maximum spectral shift between the photoproduct
and the deoxy conformations, obtained from a comparison of
the spectra at 10 K, is about 140 cm™! in both the Soret and
the near-infrared. Anfinrud and co-workers observed fre-
quency shifts in the near-infrared band of approximately 100
cm! at 300 K and in the time range 2 ps-3 ns (Lim et al.,
1993; Jackson et al., 1994). The frequency shift at ambient
temperatures calculated from the spectral change shown in
Figure 7 is only about 30 cm™!, suggesting again that we have
not fully resolved a large amplitude of the protein confor-
mational changes even at the highest viscosities in our
experiments.

The missing amplitude in our experiments is probably
functionally significant and suggests that our estimate of a
factor of 100 for the ratio of the rates k(B* — A*)/k(B —
A) should be regarded as a minimum value. Theaveragerate
of ligand rebinding from the pocket state B* extrapolated
from low-temperature measurements prior to the Mb* — Mb
relaxation postulated by Steinbach et al. (1991) is about 7 X
107571, approximately 30-fold faster than the ligand rebinding
rate k(B* — A*) obtained from our kinetic modeling,
suggesting that the subnanosecond conformational relaxation
does in fact decrease the rate of ligand rebinding. If the
extrapolated rate of rebinding to the unrelaxed conformation
of 7 X 107 s~ is correct, the complete relaxation would decrease
the geminate-rebinding rate by a factor of about 3000 (i.e.,
in the context of our model, k(B* — A*)/k(B — A) = 3000).
Since we have attributed a decrease in the geminate-rebinding
rate of a factor of 100 to a 30-cm™! shift out of a possible
140-cm-! shift in the Soret band, while only a factor of 30 is
attributed to the initial 110 cm™!, it would appear that there
is a highly nonlinear relation between the frequency shift and
the logarithm of the geminate-rebinding rate constant. This
curvature is also apparent in the analysis of the low-
temperature geminate-rebinding rates and the near-infrared
spectra by Steinbach et. (1991).

It is interesting to note that these rather large changes in
the rebinding rates are accomplished by such a small change
in protein conformation (Figure 1). Is it possible that the
X-ray structures are not revealing the conformational changes
that occur in solution? The structure of the carbon monoxide
complex was not determined from crystals grown as the carbon
monoxide complex but was determined from crystals that were
grown as metmyoglobin and then reduced with sodium
dithionite in the presence of carbon monoxide (Kuriyan et al.,
1986). Thelattice forces could prevent tertiary conformational
changes of myoglobin that would otherwise occur in solution,
as has been suggested in ligand-binding studies of hemoglobin
crystals (Rivetti et al., 1993).

The picture emerging is that our measurements have
detected the final portion of the protein relaxation that begins
on a picosecond time scale at room temperature. This protein
relaxation is probably the same relaxation postulated by
Frauenfelder and co-workers (Steinbachetal., 1991). It would
appear that an important next step would be to obtain
experimental data over even wider temperature, time, and
wavelength ranges. This will be necessary to make the
connection more clear among the data from our work as well
as those of Boxer and co-workers (Lambright et al., 1991,
1993), Steinbach et al. (1991), and Anfinrud and co-workers
(Limetal., 1993; Jacksonetal., 1994). Itwillalsobe necessary
to develop additional spectral probes to define much more
precisely the conformational changes responsible for the optical
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changes. At present, we, like previous investigators, have
envisaged that after photodissociation there is a very rapid
(<300fs) initial displacement of the iron associated with ligand
photodissociation, as indicated by both optical absorption
measurements (Martin et al., 1983) and molecular dynamics
simulations (Henry et al., 1985; Petrich et al., 1991; Kuczera
etal., 1993; Schaad et al., 1993). This is followed by a slower
displacement associated with the rearrangement of protein
atoms to accommodate the new heme conformation. This
slower displacement occurs over a wide range of times, from
picoseconds to nanoseconds in water at room temperature. It
has been observed in some molecular dynamics simulations
(Petrich et al., 1991; Kuczera et al., 1993) but not in others
(Lietal., 1993; Schaad et al., 1993). Since ligand rebinding
reverses the protein conformational change, the rate of
rebinding decreases as the conformational relaxation proceeds,
that is, rebinding to a conformation that is closer to that of
the liganded molecule is faster than ligand rebinding to the
relaxed deoxy conformation.

Although the modeling using a conventional chemical kinetic
scheme has been extremely useful in showing that the data
is consistent with the basic idea that protein relaxation slows
down geminate rebinding (and in our view was a necessary
first step in analyzing the kinetics), it may be both an
oversimplification and misleading. Unlike the kinetics of the
R and T conformations of hemoglobin, the description of the
protein conformational kinetics of myoglobin in terms of well-
defined kinetic intermediates may very well be an incorrect
physical picture. The R and T conformations of hemoglobin
have a different packing of the subunits with changes in the
residues that interact between the subunits. The conforma-
tional changes in myoglobin (and the tertiary conformational
changes in hemoglobin) are both more subtle and more
complex, and a different approach is needed. Presumably,
the nonexponential protein relaxation kinetics are somehow
related to the complex potential energy hypersurface of the
protein (its “rugged landscape”), as suggested by Frauenfelder
etal. (1991). Thereis, however, no physical model of a protein
or analogous system that can rigorously generate these kinetics.
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