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ABSTRACT: The kinetics of CO recombination to site-specific mutants of human myoglobin have been
studied by flash photolysis in the temperature range 250-320 K on the nanosecond to second time scale
in 75% glycerol at pH 7. The mutants were constructed to examine specific proposals concerning the roles
of Lys 45, Asp 60, and Val 68 in the ligand binding process. It is found that ligand recombination is
nonexponential for all the mutants and that both the geminate amplitude and rate show large variations.
The results are interpreted in terms of specific models connecting the dynamics and structure. It is shown
that removal of the charged group at position 45 does not substantially affect the barrier height for escape
or entry of the ligand; therefore the breakage of the salt bridge linking Lys 45, Asp 60, and a heme
propionate is ruled out as the rate-determining barrier for this process. On the other hand, it is found that
the escape barrier decreases roughly as size of the residue at position 68 increases, in the order Ala > Val
> Asn > Leu. The residue at position 68 is also a major contributor to the final barrier to rebinding, but
the barrier height shows no correlation with residue size and is more dependent on the stereochemistry of
the residue. A molecular mechanism for ligand binding that is consistent with the results is discussed, and
supporting evidence for this mechanism is examined.

The direct coupling between biological function and protein
dynamics in the ligand binding process of heme proteins such
as hemoglobin and myoglobin has stimulated an enormous
body of theoretical and experimental work. Soon after the
elucidation of the structure of myoglobin (Mb)!' by X-ray
crystallography (Kendrew et al., 1960), it was apparent that
transient pathways, not evident in the X-ray structure, must
form so that diatomic ligands can move between the solvent
and the heme pocket (Nobbs, 1966). Two limiting models
can be suggested for these motions. The first consists of
random fluctuations in the structure creating transient cavities
which effectively transport ligands through the protein to and
from the heme iron. The second postulates specific channels
which are gated by amino acid and heme contacts. The latter
is attractive because it suggests specificity and control. The
actual situation likely lies somewhere in between.

Inorder toinvestigate the elementary steps of ligand binding,
the favored approach is flash photolysis of liganded Mb as
originally developed by Gibson (Gibson, 1956). Thisapproach
converts a thermal reaction into a photochemically driven
reaction, so it is possible to follow the ligand recombination
kinetics in competition with escape from the protein by changes
in the absorption spectrum. Many years ago, it was noted
(Austin et al.,, 1975) that the rebinding kinetics at low
temperatures are highly nonexponential. Under these con-
ditions, most of the rebinding occurs from ligands that have
not escaped fully from the protein and therefore sample and
reflect the distribution of barrier heights imposed by the
protein. Frauenfelder and co-workers have presented a
complex and evolving series of models which attempts to
explain the experimental results phenomenologically (Austin
etal., 1975; Doster et al.,, 1982; Ansariet al., 1985; Steinbach
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et al,, 1991). These models provide a powerful and general
view of proteins as consisting of a heirarchy of conformational
substates, whose barriers lead to complex kinetics depending
on temperature, viscosity, and pressure. Missing from these
models is a specific connection with the details of the Mb
structure, and it is argued that this picture applies in general
to all protein function. At the other limit are molecular
dynamics simulations of ligand trajectories (Case & Karplus,
1979; Kottalam & Case, 1988; Elber & Karplus, 1990). These
are highly specific for the details of the Mb structure and lead
to very detailed proposals for dominant pathways taken by
the ligand. Although much easier to visualize, until recently
there were few ways to test these proposals. Intermediate
between the phenomenological models and detailed molecular
mechanics are models, such as those proposed by Agmon and
Hopfield (Agmon & Hopfield, 1983a,b), which focus on
specific aspects of the particular ligand binding problem but
also contain rather general features of protein dynamics and
the coupling of protein and ligand motion. There are several
related approaches which have similarly attempted to provide
a physical basis for this process (Marden, 1982; Young &
Bowne, 1984; Buhks & Jortner, 1985; Cotes & Sceats, 1987;
Srajer et al., 1988).

With the advent of site—specific mutagenesis, it has become
possible to test ligand binding models in greater detail.
Although it is essential to have precise structural data, the
central issue is to determine the nature of the transition states
for each step in the ligand binding process, and this cannot
be obtained by X-ray crystallography, even though detailed
structures of the ligand-bound or dissociated (deoxy) structure
are available. One particularly interesting structure is that
of a phenyl group bound to the heme iron on the distal side
(Ringe et al., 1984). This structure has been suggested as a
model for an open configuration of the protein, such as might
be formed transiently during ligand entry and escape. The
key residues affected by opening the protein in this way are
the surface residues at position 45 (Arg in sperm whale Mb)
and at position 60 (Asp), which form a salt bridge in the
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closed, ligand-bound form (Lecomte & La Mar, 1985; Kuriyan
et al., 1986; Hubbard et al., 1990), and residues 68 (Val) and
64 (distal His). Inthefollowing, a series of single-site mutants
at these positions is investigated over a wide variety of
conditions in order to discover the role played by each residue.
By working over a range of temperatures with nanosecond
time resolution and good signal-to-noise, information can be
obtained on both the geminate and bimolecular parts of the
rebinding process, as well as on the enthalpy and entropy
changes associated with each. In earlier work, we examined
the effects of changing the surface residues on the bimolecular
ligand recombination and proton exchange kinetics at room
temperature (Lambright et al., 1989). We have also recently
demonstrated that information on protein relaxation following
ligand dissociation can be obtained by a careful examination
of the time dependence of the Soret absorption spectrum on
the nanosecond time scale (Lambright et al., 1991). In the
following papers in this series, the combined effects of mutliple
mutations at these critical residues will be presented, along
with the effects of these mutations on the protein relaxation
dynamics (S. Balasubramanian, D. G. Lambright, and S. G.
Boxer, in preparation).

We find in this study that the nonexponential kinetics
observed for all the mutants can be accounted for by a
relaxation process that alters the rebinding barrier as a function
of time (Steinbach et al., 1991; Petrich et al., 1991). Fits to
such a model are compared with a more empirical approach
using a stretched exponential function. A global approach
that simultaneously analyzes all the data on a particular mutant
is presented. This approach greatly simplifies the analysis
and interpretation of the results. This allows barrier heights
and prefactors to be extracted and compared in order to define
the role of each residue in the mechanism of ligand binding.

MATERIALS AND METHODS

Protein Preparation. The proteins used in this study were
based on a site-specific mutation C110A which was made for
ease in purification. This protein, hereafter referred to as
wile type (WT), is used as the reference protein for all
mutagenesis experiments. The other mutants were constructed
by site-specific oligonucleotide-directed mutagenesis at po-
sitions 45, 60, and 68 in the amino acid sequence of human
myoglobin. The residues at these positions in WT human Mb
are Lys 45, Asp 60, and Val 68. The corresponding positions
in SW Mb are occupied by the same residues, except at position
45, where an arginine residue is presented. The X-ray crystal
structure of WT human Mb is not yet available, but that of
the mutant K45R has been obtained at high resolution
(Hubbard et al., 1990; since refined to 1.6 A, Hubbard et al.,
in preparation) and has been found to be very similar to that
of sperm whale Mb. The preparation and purification of
human Mb mutants is described in detail elsewhere (Lam-
bright et al., 1989; Varadarajan et al., 1985, 1989).

Sample Preparation. Concentrated stock solutions of the
proteins (1-5 mM) were prepared in 0.1 M potassium
phosphate buffer, pH 7.0. Solutions of 75% (w/w) glycerol—
water were deoxygenated and equilibrated with CO by stirring
under 1 atm of pure CO (or under 1 atm of 5% CO in Ar for
certain experiments). Sodium dithionite was added to the
glycerol solution in a sealed cuvette, and 2—-5 uL of the protein
stock was injected. The amounts of protein added were
adjusted to give a final OD42; of ~0.6. The extinction
coefficients for the various forms of Mb used were obtained
from published sources (Antonini & Brunori, 1971) and are
assumed to be identical for all mutants, except for those
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measured in our laboratory (Varadarajan et al., 1989). The
recombination of CO from solvent is a bimolecular reaction,
so CO solubilities in glycerol-water solutions are required;
these were obtained at 298 K from the data of Ackerman and
Berger (1963). The Bunsen coefficients for CO in glycerol-
water solutions are not available. Asoursamplesare prepared
by equilibrating with CO at 298 K and are subsequently sealed
in the cuvettes, we assume that the CO concentrations do not
change appreciably with temperature.

Temperature Control. The samples were held in 1-cm-
path-length quartz cuvettes in a programmable Peltier effect
temperature controller constructed following the design of
Marden et al. (1989). This consists of two thermoelectric
heat pumps (modules CP5-31-06L and CP2.8-32-06L; Melcor
Corp., Trenton, NJ) cascaded in parallel and powered by a
high current power supply. To one face is attached an Al
cuvette holder and to the other is attached an Al block through
which coolant is circulated from a refrigerated bath. This
setup is capable of varying the temperature of a liquid sample
rapidly and efficiently in the range 220-350 K with an accuracy
of £0.1 K.

Flash Photolysis. Our apparatus is described in detail in
Lambright et al. (1991). Briefly, the MbCO samples were
excited with a 8-ns FWHM pulse from a Q-switched Nd:
YAG laser. The absorption changes were monitored by a
continuous, weak probe beam from a xenon lamp passed
through a monochromator. The probe wavelength ws 440
nm, and the monochromator bandwidth was 4.5 nm. A 200-
MHz photodiode and detector constructed in this laboratory
were used to amplify the signals. The signals were digitized
on a dual time base by a Tektronix DSA602 oscilloscope.
Each of the kinetic traces shown in the figures is an average
of 4096 scans, and either 9216 or 10240 time points were
collected per decay. The transmission data so obtained were
converted to absorbance and normalized to the maximum
absorbance difference. Zero time was taken to correspond to
the maximum of the absorbance difference. The data sets
were then compressed logarithmically to 256 points without
averaging to avoid possible smoothing artifacts.

Polarization Measurements. Because the exciting laser
pulse is polarized, there are changes in the monitored
absorption that are due to a photoselection effect. Thisshows
up as an additional decay process in the absorption changes
being monitored, and it can become quite important in viscous
solutions where the rotation of Mb is on the same time scale
as the recombination of CO. In order to correct for this, the
transient absorbance was monitored with a probe beam that
was polarized alternately parallel and perpendicular to the
excitation beam. At each temperature and in each solvent,
the decay of the initial anisotropy at 440 nm, given by

r(t) = [a4)(1) - A4 | ()]/[a4,(1) +24(4) (D] (1)

was obtained from these data and was found to follow single-
exponential kinetics with a maximum initial anisotropy of
0.055 under our experimental conditions. The rate constants
so obtained are linear in n/ T over the entire range of viscosity
and temperature. The data obtained with a probe beam from
the monochromator without a polarizer could then be corrected
by

Ad (1) =284(0)/[2 + r(D)] (2)

and were found to give good agreement with the isotropic
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average calculated as
Ad,(1) = (1/3)[A4 (1) + 284 (9)] (3)

The slight polarization of the probe induced by the grating
in the monochromator can be neglected. All data were
corrected this way, and the corrected data are henceforth
referred to as AA(?).

Data Analysis. While it is known that the quantum yield
for the photodissociation of MbCO is 1 (Petrich et al., 1988),
it is possible that some recombination of CO occurs during
the course of the 8-ns excitation pulse. A number of
observations lead us to believe that these effects are small. (i)
No picosecond process attributable to geminate rebinding has
been observed for SW MbCO from a few ps up to about 9 ns
(Cornelius et al., 1981; Reynolds et al., 1982; Martin et al.,
1983; Janes et al., 1988). Itisexpected that WT human Mb
will behave similarly, and while this is not certain for some
of the mutants, they are not expected to be greatly different,
as was found for mutants of SW Mb (Carver et al., 1990).
(ii) The observed A4/ A at 440 nm for all the mutants in this
study are similar to within 5% for the same excitation fluence,
which would not be expected to be the case if some of them
had a significant picosecond process. Furthermore, the
observed A4 does not vary significantly as a function of
temperature. Accordingly, no deconvolution has been at-
tempted to extract information on processes occurring on the
time scale of the excitation pulse width.

The data were analyzed by nonlinear least-squares mini-
mization of the x? defined as

X} =2~ y(x))*/ o} (4)

where the x; and y; are the experimental points and y(x;) are
the values of the model function at x;. As the standard
deviation of each point o; was quite low, a better estimate of
o; was obtained by fitting the data to a sum of exponentials
and adjusting o; so that the reduced x2, defined as x2/», where
v is the number of degrees of freedom (number of data points
— number of fitted parameters) was one. For model I, the
analysis was carried out using the Marquardt algorithm (Press
et al., 1989); the reduced X? were usually between 0.95 and
1.3, and the errors in the parameters were obtained from the
covariance matrix. The errors were found to be similar for
all the mutants and are quoted in the footnotes to Table I.

In the case of model 11, the fitting was carried out using
the Simplex algorithm (Press et al., 1989) and the errors were
estimated at the 68.3% (1¢) confidence level as follows: each
of the parameters in turn was fixed at 5, 10, 15, 20, and 30%
deviation from its best-fit value, and the other parameters
were then minimized. The change in reduced x? was noted.
Thevalue of the change in the reduced x2, Ax?, corresponding
to this confidence interval for one degree of freedom is 1.00
(Bevington & Robinson, 1992), and the percentage change
in each parameter at this contour level was obtained. The
maximum errors (obtained for V68I) were 45, £20%; H;
+20%; H;, £15%; Ax, £25%; Hy, £15%; Az, £15%; Has,
+10%; A3y, £15%; and Hzy, £10%. The errors for WT and
the surface mutants were generally about 5% lower than these
values. These errors are fairly large and are the result of
strong correlations between some of the parameters in the
multiparameter global analysis, particularly the prefactors.
Thus, fixing one or more of the prefactors at the best-fit values
led to a considerable decrease in the estimated errors of the
other parameters. An independent estimate of some of the
parameters could be obtained from Arrhenius plots of the
rate constants from model I; these were usually quite similar
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FIGURE 1: Transient absorbance at 440 nm following photodisso-
ciation of human K45R MbCO. The solvent is 75% glycerol-
phosphate, pH 7, and each curve represents the recombination kinetics
at one temperature. The range of temperatures is 240-340 K in
increments of 10 deg. Each curve is the average of 4096 scans and
contains 256 points. Note that a log scale is used for the x-axis as
the data cover several orders of magnitude in time, but a linear scale
has been retained for the y-axis. The solid lines are the data, and
the broken lines are fits to a stretched exponential plus a sum of
exponentials (model I, see Discussion for details).
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FIGURE 2: Kinetics of recombination of CO to the human WT Mb.
The broken lines are fits to the stretched exponential model, Model
I, given by eq 9 at each temperature (see Discussion).

10

to those obtained from the global analysis.

RESULTS

A set of kinetic curves for CO recombination to human
K45R Mb at 10-deg intervals in the range 250-340 K in 75%
glycerol-water at pH 7 is shown in Figure 1. As the kinetics
extend over many orders of magnitude in time, the data have
been plotted on a log scalein time as suggested by Frauenfelder
and co-workers (Austin etal., 1975). The absorptionchanges
are clearly multiphasic at all temperatures, as observed for
SW MbCO by a number of groups (Austin et al., 1975; Henry
et al., 1983; Cornelius et al., 1981). The kinetics at
temperatures below 290 K show three distinct phases: an
initial nonexponential phase followed by twoexponential
phases. The second process appears to have a strong
temperature dependence, varying by 2 orders of magnitude
between 250 and 280 K. At higher temperatures this process
is not well resolved, and the curves appear to be biphasic.
Roughly the same behavior is seen for other proteins in this
study. For example, the kinetics of CO recombination to
human WT Mb and the mutant V68A are shown in Figures
2 and 3, respectively. The same scale has been retained for
Figures 1-3 to facilitate comparison. Even though the
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FIGURE 3: CO recombination kinetics to the human Mb mutant

V68A. The solid lines are the data and the dashed lines are fits to

model II (see Discussion).
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FIGURE4: Dependence of the transient absorbance kinetics of human
Mb mutant V68A on the partial pressure of CO. Data are shown
for two different partial pressures of CO; the set of curves which
return to baseline by 1 ms (solid lines) were taken with Pco = 1 atm
(as in Figure 3), and the broken lines are the data with Pco = 0.05
atm.

amplitudes and rate constants vary quite widely, the processes
described above are seen for all proteins.

The dominant process at higher temperatures, which is also
the slowest one, is the well-studied bimolecular CO recom-
bination on the millisecond time scale. In order to determine
the nature of the second process, the CO concentration
dependence of the CO rebinding kinetics was examined as
illustrated for V68A in Figure 4 at two partial pressures of
CO (Pco = 1 and 0.05 atm). Note that the time-base has
been expanded in the plot compared to Figures 1-3 so that
the complete bimolecular recombination can be seen for Pco
= 0.05 atm. Itis clear that the only part of the curves which
depends on CO concentration is the final exponential dropoff
which represents the bimolecular rebinding, so the second
process, as well as the first, must be a geminate process. The
high sample-to-sample reproducibility of the experiment is
also demonstrated by the data in this figure.

In order to facilitate comparison among the entire set of
mutations, the kinetics of all proteins studied at two tem-
peratures are shown in Figure 5 for the Val 68 mutants and
in Figure 6 for the Lys 45 and Asp 60 mutants. We refer to
the latter as the surface mutants for convenience, on the basis
of their positions in the crystal structure of Mb, although the
situation may be more complex as discussed below. It is
interesting to contrast the wide variation in the decay curves
for the Val 68 mutants with the relative similarity of the curves
for the surface mutants.
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FIGURE 5: Transient absorbance in a series of mutants at position
68. (A) Kineticsat 250 K. (B) Kinetics at 280 K. The bimolecular
parts of the recombination of V681 and V68N are slower at 250 K
and are not shown in this figure.
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FIGURE 6: Transient absorbance kinetics of WT, K45, and D60
mutants are shown at (A) 250 K and (B) 280 K.

The geminate rebinding kinetics for V68A are shown in
Figure 7. Thedata in this figure were obtained by subtracting
the bimolecular process from the data in Figure 3, and the
curves were then normalized at the maximum. The second
phase is clearly shown in this figure. It is also seen.as the
temperature decreases the nonexponential part of the rebinding
gets slower until about 280 K but then appears to become
almost temperature-independent and then to start tospeed up
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FIGURE 7: Geminate part of the CO recombination curve for the
mutant V68A. This was generated by taking the data from Figure
3 and subtracting the bimolecular process. The solid lines are fits
to the time-dependent barrier model, model 11 (eq 14). See text for
details.

again as the temperature decreases further. Similar behavior
has been observed at lower temperatures for SW Mb as the
temperature is increased above the glass transition of the
solvent (Steinbach et al., 1991). The second phase does not
show this behavior and appears to slow down monotonically
with decreasing temperature.

ANALYSIS AND DISCUSSION

1. Qualitative Features. Theresults yield some immediate
observations regarding the effects of the structural pertur-
bations on the kinetics of ligand recombination. A striking
aspect of the results is the wide variation in the amplitude of
the geminate phase with mutant and with temperature (Figures
5and 6). Theend of the geminate phase occurs approximately
where the decay curve first levels off; the exponential falloff
after this phase represents the bimolecular recombination.
The bimolecular phase has been truncated in both figures so
as to expand the geminate curve. The observed geminate
amplitude is about 95% for V68A at 250 K, while it is only
~20% for V68I at the same temperature. Interestingly, the
recombination rate and the geminate amplitude increase as
the residue at position 68 becomes smaller in the order Ile >
Val (WT) > Ala. A surprising result is that leucine, which
has the same volume as isoleucine, displays very different
kinetic behavior, having a much faster geminate rate and a
larger geminate amplitude. Roughly the sametrendsare seen
at the higher temperature, but clearly the dependencies on
temperature are quite different. Also note that at 280 K the
bimolecular amplitudes of all the mutants are more than twice
as large as the corresponding amplitudes at 250 K.

The situation is quite different with the surface mutants at
positions 45 and 60 (Figure 6). The recombination curves of
all these mutants are very similar, with the notable exception
of K45R. It is known from X-ray crystallography that the
residue at position 45 in SW Mb (Arg) (Kuriyan et al., 1986)
as well as in the human Mb mutant K45R (Hubbard et al.,
1990) is involved in a salt-bridge interaction with Asp 60 and
a heme proprionate. The involvement of this salt bridge in
modulating ligand access to the heme pocket has been
extensively debated (Nobbs, 1966; Case & Karplus, 1979;
Ringe et al., 1984; Lecomte & LaMar, 1985; Kottalam &
Case, 1988; Lambright et al., 1989; Westrick et al, 1990;
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Carver et al., 1991). The substitutions Lys — Ala or Gln do
not appreciably perturb the kinetics, but the Lys — Arg
mutation appears to increase both the geminate rate and the
geminate yield in comparison to WT. This is unexpected
because in sperm whale Mb, which also has an arginine at
position 45, the geminate rate and amplitude are lower than
those in WT human Mb. There does appear to be a small but
definite trend in the geminate amplitudes at both temperatures
shown: Ala45 ~ Gin45<Lys45< Arg45. Notethat while
this is roughly the order of increasing residue size at this
position, the largest change occurs on going from Lys to Arg.
At both temperatures shown, as well as at the others we have
measured (data not shown), D60OE falls between WT and Arg
45, indicating that polarity may play a role, but this effect is
small.

2. Three-State Model for Ligand Recombination. Inorder
to make sense of the data presented above, one needs a model
that is flexible enough to fit a wide variety of kinetic curves.
A specific example is the three-state model (Alberding et al.,
1976; Henry et al., 1983) that we used earlier to describe the
rebinding of CO tohuman Mbin aqueous solution (Lambright
et al,, 1989):

K12

MbCO Mb-CO Mb + CO {5)
1 2 3

State 1 is bound MbCQO, state 2 is a geminate state or states
from which the CO recombines without exchanging with free
CO in solution, and state 3 is the equilibrium deoxy state.
This model postulates two barriers to rebinding of CO at the
hemeiron: aninner barrier whichisa combination of electronic
and steric factors, and an outer barrier to the passage of the
ligand in and out of the protein. Assuming a steady-state
population of the geminate state, the microscopic rates can
be related to observations as

kgem = k2l + k23 (63.)
égem = kZI/(kZI + k23) = kZI/kgem (6b)
kon = kSZq)gem (6C)

Henry et al. (1983) demonstrated that the geminate process
for SW Mbin aqueous solution at 295 K could be fit well with
the assumption that all the rates were exponential. In this
case, the observed AA(?) is given by the expression

AA(1) = yery €xp(—kyget) + (1 — By,) exp(=k 1) (7)

The geminate yield in SW Mb at 298 K is only 4%, and it was
difficult to analyze further. While the geminate yield in K45R
or WT is similar in aqueous buffer at 300 K, in glycerol-
water solution at low temperatures, the geminate yield is as
much as 90%, and the geminate process is clearly nonexpo-
nential. This is true for some of the other mutants even at
high temperatures. Thus, we need a suitable description of
the geminate kinetics that incorporates these features.

3. Nonexponential Kinetics: Background. There is con-
siderable evidence that the cleavage of the iron-ligand bond
in Mb is followed by a series of protein motions on time scales
ranging from picoseconds to nanoseconds at high temperatures
(Petrich et al., 1991; Genberg et al., 1991; Xie & Simon,
1991; Lambright et al., 1991). While the observations in Mb
are relatively recent, such motions following photolysis have
been noted in Hb for a number of years (Friedman et al.,
1983;Scott & Friedman, 1984); these authors established the
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Table I:  Fits of CO Recombination Data to Model I

protein amplitude, 4, rate, ki (X106 1) exponent, & amplitude, 4, rate, ky (X10%s) amplitude, A3 rate, k3 (s71)
A. Fits of Data to Model I at 260 K¢
WwT 0.26 2.33 0.64 0.23 6.87 0.51 421
K45A 0.25 241 0.64 0.22 6.02 0.53 381
K45Q 0.26 2.08 0.71 0.22 6.41 0.53 374
D60E 0.29 2.16 0.65 0.26 6.94 0.45 460
K45R 0.49 3.06 0.69 0.24 8.47 0.28 593
V68A 0.80 6.07 0.72 0.16 16.5 0.06 1450
V68N 0.29 4.57 0.59 0.04 5.28 0.67 52.7
V68L 0.60 3.97 0.43 0.00? 0.00 0.45 404
V681 0.16 0.64 0.52 0.00° 0.00 0.85 23.3
B. Fits of Data to Model I at 290 K¢

WwT 0.06 6.35 0.80 0.09 78.9 0.85 868
K45A 0.05 5.00 0.87 0.07 71.4 0.87 766
K45Q 0.07 522 0.78 0.07 66.8 0.86 748
D60E 0.08 5.81 0.76 0.10 72.2 0.82 967
K45R 0.14 9.70 0.73 0.14 82.3 0.72 1460
V68A 0.39 11.9 0.83 0.25 110 0.37 6270
V68N 0.08 9.62 0.52 0.01 1.34 0.92 140
V68L 0.18 7.80 0.72 0.00° 0.00 0.82 1020
V68l 0.03 3.83 1.0 0.00° 0.00 0.98 44.1

@ Parameters are defined in eq 9 under model I. Errors are obtained from the covariance matrix and were less than £3%, with the exceptions of
k> (V68N) and 4; (V68A) which were £9% and £7%, respectively. ® Amplitudes smaller than 0.01 were set to zero. ¢ Parameters are defined in eq
9 under model I. Errors are obtained from the covariance matrix and were less than £20% for the geminate parameters and less than 3% for the

bimolecular parameters.

connection experimentally between tertiary relaxation, as
monitored by the Fe-proximal His stretching frequency and
the barrier to ligand recombination. Such processes make
the recombination kinetics dependent upon the dynamics of
tertiary relaxation and conformer interconversion; thus,
nonexponential recombination kinetics in such situations can
arise from several factors such as a structural inhomogeneity
in the ensemble of reactive molecules that gives rise to a
noninterconverting distribution of barrier heights after pho-
tolysis, or, even if the interconversion is fast, there could be
a relaxation process that is triggered by the bond cleavage
and changes the barrier to rebinding as a function of time, as
the protein structure changes from the ligand-bound state to
the deoxy state.2 In either case, some modification of the
simple three-state scheme (eq 5) is required. The following
scheme helps to clarify the ensuing discussion:

Mb*CO
Kny K23
MbCO === ; Mb + CO (8)
] Ka1(H, 1) K32 3
Mb-CO
2

In this scheme, Mb*CO represents the state(s) formed
immediately after the flash with the CO still within the protein
matrix. The intermediate 2 in the scheme above is no longer
asinglestate; it is either (i) a static inhomogeneous distribution
of states with the distribution of rebinding barrier heights
g(H) leading to a distribution of rebinding rates k»;[g(H)] or
(ii) a dynamic state in which the barrier to rebinding changes
as a function of time, written as H(f). The rebinding rate is
written as k;(H,?) to signify these possibilities. In either
case, Mb—CO represents the equilibrated, relaxed state that

2 This issue arises in many problems in chemical dynamics. Approaches
to resolving this issue have been recently examined in the analysis of
time-resolved fluorescence from organic dyes in polar solvents (Maroncelli
& Fleming, 1987; Nagarajan et al., 1987; Agmon, 1990; Maroncelli et
al., 1991), where it was concluded that while the static inhomogeneity
was indeed important at low temperatures, at higher temperatures the
data could be accounted for by solvent relaxation around the dipolar
excited state.

is formed on a time scale microseconds after the initial
photodissociation. CO then escapes from state 2 torecombine
from solvent; this has been assumed to occur when the states
have equilibrated among themselves in picture (i) or after the
protein is fully relaxed in picture (ii) (Steinbach et al., 1991).

Thissituation has been examined in great detail in glycerol—
water glasses below 180 K, where the CO is trapped within
the protein matrix after photolysis (Ansari et al., 1985, 1986;
Srajer et al., 1986), and, consequently, the equilibrium deoxy
state 3 is not accessible. In this case, the available evidence
suggests that relaxation and interconversion among protein
substates are slow on the time scale of the rebinding of the
ligand, as evidenced by the observation of kinetic hole burning
[Campbell et al., (1987); Ansari et al. (1985), reinterpreted
in Agmon (1988); Agmon (1990); Steinbach et al., (1991);
Srajer & Champion, (1991)]. Above the glass transition
temperature (~ 200 K), the substates can interconvert and a
relaxation process that takes the protein from the initial MbCO
structure into the equilibrium deoxy structure can also occur,
thereby altering the barrier to ligand recombination as a
function of time after photolysis. The existence of such a
relaxation process at temperatures up to 220 K is indicated
by (i) a slowing down of the rebinding as the temperature
increases (Steinbach et al., 1991), (ii) the observation of band
shifts under continuous illumination (Nienhaus et al., 1992),
and (iii) the observation of shifts in Raman bands as a function
of time and temperature (Ahmed et al., 1991). There are less
data addressing these issues at temperatures above 220 K. It
appears that the low temperature relaxation of certain Raman
modes seen by Ahmed et al. (1991) are too fast (<30 ps;
Findsen et al., 1985) to contribute to the relaxation processes
seen on the nanosecond time scale. The existence of multiple
conformations of MbCO at room temperature was shown by
the presence of four slightly differing bands in the CO stretch
region of the infrared spectrum (Makinenet al., 1979; Caughey
etal., 1981), but only one time-averaged conformer was seen
for bound CO by 13C NMR (La Mar et al., 1978). Time-
resolved measurements of the CO stretch band of the
conformer at 1966 cm™! reveal a loss of population between
0.1 ms and 1 ms at 250 K (Young et al., 1991). This gives
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an idea of the time scale of this interconversion; however, it
is not clear if this process and the kinetics probed in the Soret
region correspond to each other.> Moreover, the kinetics for
each conformer detected in the IR also appear to be
nonexponential (Young et al., 1991), indicating that at least
part of the nonexponentiality stems from other sources. We
have found that at pH 7, human WT MbCO and many of its
mutants exhibit only one major IR conformer (S. Balasubra-
manian, D. G. Lambright, and S. G. Boxer, in preparation)
and yet the kinetics are distinctly nonexponential.

More direct evidence for spectral relaxation in the Soret
region at high temperatures was obtained in this laboratory
(Lambright et al., 1991) and in others (Tian et al., 1992;
Ansari et al.,, 1992). The data in Figure 7 also show an
inversion in the geminate rebinding rates as the temperature
is lowered, also suggestive of a relaxation effect. The kinetics
probed in the Soret region were also used recently to examine
the question of relaxation at higher temperatures by a double-
pulse experiment (Tian et al., 1992). These authors dem-
onstrated thatat pH 7 the kinetics of the subpopulation selected
by the second pulse resembled that of the full population,
which argues for complete fluctuational averaging within the
subpopulation; the small difference between the two curves
increased when the pH was lowered to 5. This was attributed
to changes in populations of the conformers revealed in the
IR, suggesting that interconversion between these conformers
occurs on a slower time scale than the fluctuational averaging
within each conformer. This was supported by the finding
that the nonexponential parts of the kinetics were always
similar when rescaled. The formation of an exponential phase
in the geminate rebinding would then indicate that both the
interconversion and the end of the relaxation were complete.
Such an exponential phase is well resolved in our data after
a few microseconds following the flash (Figures 1-3). The
datain Figure 4 clearly show that this phase is still a geminate
process.

Thus, the question of relaxation vs a static distribution at
these temperatures, as well as the role of the IR conformers
in the Soret kinetics, is not yet settled even for SW or human
WT Mb. The introduction of a large array of site-specific
mutants adds another dimension. In this paper, we are
concerned primarily with the differences in kinetics between
the mutants examined; however, in order to make quantitative
comparisons, we need to fit the data to a simple model that
works for all the proteins, so that the parameters can be
meaningfully compared. In the following, we address these
issues by considering two different models: model I, in which
the nonexponential phase is fit to an empirical function without
major assumptions regarding the molecular nature of the
process; and model I1, in which we suggest that the relaxation
model is sufficiently general to accomodate all the data from
these mutants in the high temperature range.

4. Nonexponential Kinetics: Model I. In order to explain
the nonexponential geminate kinetics, a model with more
complexity than a single inner barrier is needed. Anempirical
approach that has been tested extensively is to fit the
nonexponential process to a function f(¢) and use the inverse

3 V681 does show a small increase in absorbance at 440 nm at about
1 us at temperatures above 290 K. The relative amplitude of this process
is ~0.01 and is barely visible at 280 K (Figure 5) but becomes more
visible, but not much larger, at higher temperatures where there is very
little rebinding. A similar effect has been noted in Hb (Alpert et al,,
1979). Since the CO-bound population is very small on this time scale,
this is probably due to some other conformational change in the deoxy
formof this mutant; here, we note that this effect clearly indicates dynamic
processes on this time scale.
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FIGURE 8: Rate constants obtained from fits to model I such as those
in Figures 1-3 and listed in Table I plotted against 1000/ T (X~') for
K45R and V68A. Units are s™! for k23 and k»; and s™! M™! for k3.
The solid lines are best fits to the data.

Laplace transform to obtain a distribution of activation
enthalpies, assuming Arrhenius behavior of the rates. f()
can be a power law (1 + kot)™ (Austin et al., 1975; Ansari
et al., 1986, and references therein), or the Kohlrausch—
Williams-Watt (KWW) function, exp[—(kof)¢], also called
a stretched exponential (Plonka, 1988; Plonka et al., 1988,
Steinbach et al., 1991). Here, ko is a characteristic rate and
ais a parameter, 0 < o < 1. This function has been used to
analyze a variety of experimental data in the condensed state
(Williams & Watts, 1970; Alvarez et al., 1991) and can be
regarded as a superposition of independent simple exponential
processes (Klafter & Blumen, 1984). The underlying dis-
tribution of rates can be obtained by an inverse Laplace
transform of the exp[~(ko?)?], either analytically for certain
values of o (Helfand, 1983) or numerically otherwise (Lindsay
& Patterson, 1980; Kauffman et al,, 1990; Alvarez et al.,
1991). Both functions provide good fits to our data; however,
the stretched exponential form yields lower x2 values. We
have obtained excellent fits at all temperatures, as shown in
Figures 1-3 using a stretched exponential for the earliest
component, and two single exponentials for the later com-
ponents, as follows:

AA(t) = A exp[-(k,1)"] + A, exp(—k,t} + A, exp(—k,t)
%
The parameters from these fits for all the mutants at two
temperatures are given in Table I. The fits from model I
above yield estimates of the rates ki3 and ks; in eqgs 6, with
the assumptions that the second exponential rate k> (when
clearly resolved) corresponds to kgem, and k3 corresponds to
kon. The resulting rate constants show good adherence to the
Arrhenius equation, asshownin Figure 8 for K45R and V68A.
5. Nonexponential Kinetics: Model II. Model I1is a time-
dependent barrier model, similar to models described in detail
elsewhere (Steinbach et al., 1991; Petrich et al., 1991). We
briefly present the salient features and extend it to include
escape and bimolecular rebinding together with a few
simplifying assumptions based on the discussion in Section 3.
This model postulates that the barrier to rebinding increasesas
a function of time as the protein relaxes toward the equilibrium
deoxy state. This can be written as

H(,T) = H; + (H; - Hy) ¢(1,7) (10)

where H is the initial rebinding barrier, H;is the final barrier
in the relaxed protein, and ¢(¢,7) is a relaxation function that
was assumed to be a stretched exponential in Steinbach, et
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al. (1991):
¢(1,T) = exp{-[x(T)1]%} (11

Infitting our data, 8is alwayscloseto 1,soweset 8 = 1, which
results in an exponential form for ¢(¢,7). Therelaxationrate
x(T) is given by the Arrhenius relation

K(T) = A, exp(-H,/RT) (12)

where A, and H, are the prefactor and barrier height,
respectively, for the relaxation. The expression for the
rebinding rate k [H(2,7),T] is then

ky, [H(t,T),T] = 4y, exp[-H(,.T)/RT]  (13)
and the absorption change due to this process becomes

AA(LT) = expl- [y, (H(LT),T) dt] (14)

To incorporate this result into the three state model, the time
integral {k,,[H(t,T),T] dtis substituted for k2 ¢ineq 7. Then,
by writing the expressions for the other rate constants in terms
of Arrhenius parameters

ka3 = A,y exp(—H,;/RT)

ky, = A,, exp(-H;,/RT) (15)
eq 7 becomes

AA(t) = Qgem CXp[—kaI[H(t,T),ﬂ dr - k23t] +
(1= &) exp(=k,,t) (16)

where 4. and ko, are given by eq 6 in terms of the microscopic
rates.

The transient absorbance data over the temperature range
of interest were simultaneously fit to eq 16. The fits for the
mutants K45A and V68L, together with the global fit (dotted
lines), are shown in Figure 9. The model reproduces the data
well over the 260-320K time range. Thisis quite remarkable,
considering the complexity of the data and the wide variation
in the kinetic behavior exhibited by this set of mutants,
particularly those at position 68. The geminate data could
also fit separately with eq 14, as shown by the lines in figure
7 for V68A; however, to generate these fits the final barrier
was allowed to vary at each temperature. This is because the
escape rate (with a very different temperature dependence)
dominates the A4 near the end of the geminate phase and
must be taken into account. The rates k»; and k3, obtained
from these fits show similar trends to those obtained from the
stretched exponential fits using the three-state model. This
supports the conclusion that whatever process is responsible
for the early nonexponential kinetics, the processes following
these are well described by a simple three-state model. We
note that the model presented here does not deal explicitly
with the viscosity dependence of the rate constants. It has
been noted that separation of the temperature dependence of
the solvent from that of the proteins can lead to smaller
enthalpies and prefactors (Beece et al, 1980). We are
currently examining the kinetics for all the mutants as a
function of solvent viscosity. Preliminary resultsindicate that
in this model the escape rate is the most sensitive to solvent
viscosity. However, the viscosity dependence of each rate
constant does not vary greatly in the mutants examined so far,
and thus for the purposes of this paper we can meaningfully
compare the differences in the barrier heights between them.

The parameters from these global fits for all the mutants
in this study are presented in Table II. In what follows, we
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FIGURE 9: Global fits to the time-dependent barrier model, model
I, are shown in the temperature range 260-310 K for the mutants
K45A in panel A and V68L in panel B. The solid lines are the data,
and the dashed lines are the fits. The parameters from such fits for
all the proteins studied are displayed in Table II.

analyze the results, first for the geminate parameters, and
then for the outer barrier parameters.

6. Interpretation. Inner Barrier. For all the proteins, the
exponent a increases with temperature. For WT, it changes
from 0.49 at 240 K to 1 above 300 K. Since the exponent in
the KWW function is a measure of the width of the underlying
distribution of rates (Lindsay & Patterson, 1980; Kauffman
etal., 1990), this indicates that the distribution of rates narrows
astemperature increases. TableIshows that « for the surface
mutants is similar to that for WT at a given temperature but
is always smaller for the V68 mutants, with the exception of
V68A, where « is larger. This indicates that a larger residue
at position 68 is correlated with a broader distribution of rates.
This is also shown by the relative amplitude of the exponential
geminate phase (A4, in Table I). This is very small for V681
and V68L. This phase is also small in SW Mb and was
attributed to slow equilibrium fluctuations (EF1) among the
different conformations present by Frauenfelder and co-
workers (Steinbach etal., 1991). Weemphasize thata similar
result could arise from a slow relaxation process, with a
competing escape rate. In any case, the above trends in our
site-specific mutants clearly indicate that a larger residue at
68 significantly slows the formation of a relaxed, equilibrated
protein. This agrees with recent results on the time evolution
of the deoxy Soret band shape for some of these mutants
(D.G. Lambright, S. Balasubramanian, and S.G. Boxer, in
preparation).

The geminate kinetics in the high temperature range are
dominated by the escape rate as demonstrated in Figure 8.
The cross-over from k3; to k23 shown in Figure 8 occurs between
280 K and 260 K for most of the proteins, except for V68N
and V681, where it occurs at a lower temperature. This figure
also shows that in this temperature range the activation
enthalpy, given by the slope of the lines, is clearly larger for
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Table II: Parameters from Global Fits to Model 114

inner barrier

relaxation barrier

outer barrier

protein Ax (57D HY H¢ A(sh HY Az (s71) Hayst Az (s71/ MY Hj?
wT 0.69 x 100 18.0 26.0 5.2 X 10!! 28.8 8.0 X 10'6 61.3 1.7 X 1014 40.0
K45A 3.00 x 1010 21.5 30.1 6.9 x 1012 34.7 2.8 X 10'7 64.1 1.9 x 1014 40.1
K45Q 4.00 x 10! 22.3 30.7 7.6 X 10!2 354 3.4 % 107 64.6 1.4 X 1014 39.5
D60E 2.40 x 1010 21.2 28.8 7.6 x 1012 34.8 1.6 X 10V7 63.1 1.2 x 1014 39.0
K45R 1.50 X 1010 18.8 26.6 2.5 % 1012 322 3.6 X 107 65.3 7.7 X 10'3 38.2
V68A 0.38 x 100 14.5 20.5 7.6 X 10! 28.8 1.7 X 10! 70.3 4.6 x 1013 357
V68L 1.00 X 10/ 15.4 227 29 % 10" 34.6 8.8 X 104 46.5 1.6 X 1013 343
V68N 2.20 x 1010 18.4 314 1.5 x 10!2 32.1 2.6 X 100 57.4 8.8 X 1014 45.0
V68l 6.04 x 1010 237 320 2.9 x 100 24.1 7.2 X 102 77.5 5.7 X 1010 55.3

@ Parameters are defined under model Il in the text. Errors in the parameters are discussed under Materials and Methods. The temperature range
used for the fits was 260-310 K. Samples were equilibrated with CO at 298 K. ¢ Barrier heights are in kilojoules per mole.

k33 than for k32, Thus, there is a significant binding enthalpy
for CO in the geminate state, about 15-20 kJ/mol depending
onthe protein. Thisislarger than that calculated for SW Mb
(Steinbach et al., 1991); however, these authors used a non-
Arrhenius temperature dependence.

It is immediately apparent that the mutants in the first half
of either Table I or II quite closely resemble WT, and the
differences become increasingly larger going down the table.
While this trend is clearly obvious from a visual inspection of
the data at any temperature, for instance, in Figure 5 and 6,
the temperature dependence makes it possible to obtain
entropies and activation energies. For instance, Figures 5
and 6 show that both K45R and V68A show faster geminate
recombination than WT. Looking at the k,, parameters in
TableI1, itis seen that this occurs for different reasons: K45R,
like the other surface mutants, has a larger prefactor than
WT but similar barrier heights, while V68A has a similar
prefactor butsmaller barrier heightsthan WT. Itisinteresting
that Lys or Arg at position 45 leads to the same inner barrier
heights, but removal of the positive charge as in K45A and
K45Q appears to result in an increase in the inner barriers by
3-4 kJ/mol.

These results indicate that the surface mutations are
somehow coupled to processes in the interior of the protein.
A possible mechanism for this coupling is via His 64, the
distal histidine. It has been suggested (Nobbs, 1966; Case &
Karplus, 1979) that one possible route for ligand escape after
dissociation first requires a rotation of the valine at 68; the
histidine then swings out toward the solvent, opening up an
escape route. This mechanism requires that the residue at
position 45, which in these studies was arginine, move aside
as well. It was proposed that this resulted in the second
conformation found by X-ray crystallographic studies, where
the amino groups were found to be in proximity to Phe 46 and
Asp 60 (Ringe et al., 1984; Kuriyan et al., 1986). Removal
of the arginine (or lysine, as in human Mb) would then appear
to facilitate this motion of the distal histidine and therefore
lower the barrier for rotation of the valine as well. In fact,
the data on these mutants show that removal of lysine or
arginine results in a consistently larger inner barrier, thus
seemingly hindering this sequence of motions. It may be that
removal of the positive charge destabilizes the solvent-exposed
conformation of the distal histidine, thus favoring the closed
conformation in which Val 68 is more restricted. The barrier
for the rotation of Val 68 in myoglobin is not known, but a
measure of this might be estimated by the difference in barrier
heights between WT and V68A, about 4-5 kJ/mol. Tt must
be noted that there could be other pathways of ligand escape,
such as the other trajectories seen in the similations of Case
and Karplus (1979). More recent simulations by Elber and
Karplus (1990) suggest that there may be several pathways

with similar barrier heights; which one is actually taken may
depend on small changes in temperature or structure. We
have examined this scenario more carefully in a study on CO
recombination to a number of mutants at position 64 (D.G.
Lambright, S. Balasubramanian, and S. G. Boxer, in prep-
aration); the results do suggest that if the shortest path is
blocked, as for example, by a large hydrophobic substitution,
the ligand may exit by another path. However, the notion
that the distal histidine couples the surface residues to the
inner barrier is supported by recent experiments on double
mutants in our laboratory which show that in the absence of
the distal histidine surface mutations do not perturb the
rebinding rate (S. Balasubramanian, D. G. Lambright, and
S. G. Boxer, in preparation).

The assignment of the residue at 68 as a major contributor
to the final barrier is further supported by the remarkable
difference between V68L and V68I: while the former has
barriers similar to V68A, suggesting that the extra methine
of the leucine increases the flexibility and lowers the rotational
barrier (Tame et al. 1991), V681 has barriers that are much
larger than even those of WT. Thissuggests that the rotational
barrier may depend upon the presence of the methyl group
on the S-carbon. A further contribution in the case of V681
may arise from the difference in the geometry of these residues
with respect to the iron; the methyl group of the isoleucine
probably extends close to the iron atom. This is consistent
with the X-ray crystallographic work of Nagai and co-workers
on the corresponding mutations in the a- and 8-subunits of
human hemoglobin (Tame et al., 1991; Nagai et al., 1987).
In the 8-subunit, they found that the é-methyl group of the
isoleucine was forced to extend over the oxygen binding site,
which they proposed was due to the steric hindrance provided
by the methyl group on the 8-carbon. They also found that
the oxygen affinity of this mutant was very much reduced
compared tothatof WT. The side chain of theleucine mutant,
however, did not extend to the oxygen binding site, and its
oxygen affinity was found to be quite similar to that of WT
(Nagai et al,, 1987). The dramatic differences in the ligand
binding properties of these two mutants in human myoglobin
make it likely that the conformations of these residues in the
heme pocket are similar to those of the 8-subunit of human
Hb. This would provide a structural basis for the arguments
made above.

7. Interpretation. Outer Barrier. The expectations from
previous work, based on the model involving concerted motions
of residues 64 and 45 causing a breakage of the salt bridge
as described above, would have been that arginine at position
45 would increase the barrier to escape of the ligand and that
alanine position 45 would decrease it, with K45Q and D60E
falling somewhere in between. This is not the case as seen in
Table 11, where the barrier to escape, H»s, is not greatly affected
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by the changes on thesurface. Eventhe small changes observed
are not consistent with this model. The barrier increases
slightly in the order WT < D60E < K45R, but K45A and
K45Q, rather than decreasing the barrier with respect to WT,
instead increase it. To add to the complexity, the mutants at
position 68 also perturb this barrier, and much more drastically;
V68A has a larger barrier to escape than WT, even larger
than K45R, while V68N and V68L have smaller barriers.
Again, V68I is quite different from the others, having not
only a large barrier but also a much larger prefactor, which
appears to indicate a large volume change required for this
process. Thus, there exists some strong correlation between
the motions of the residue at 68 and some other residues(s)
that govern the exit of the ligand from the heme pocket and
presumably are closer to the surface of the protein. We note
that the results presented above indicate that as the residue
size at 68 increases in the order Ala < Val < Asn < Leu, the
exit of the ligand is facilitated. To explain this, we resort
again to the model in which the most direct exit path of the
ligand involves the outward motion of the distal histidine. The
results are consistent with an increased steric interaction with
the distal histidine that causes the imidazole group to swing
outward into solution, thus lowering the exit barrier. The
anomalous behavior of V681 would suggest that in this mutant,
even if the outward motion of the histidine is facilitated by
the isoleucine, as suggested by comparison with the structure
of the analogous 8-HbA mutant (Nagai et al., 1987), the
conformation adopted by this residue may itself cause an
increased escape barrier; however, there is a large increase in
entropy accompanying this motion that is sufficient to drive
the reaction faster than in WT. In summary, in order to
interpret most of the data, we are forced to consider the
concerted motion of more than one residue. Single-site
mutations can only provide indirect information in the form
of trends. However, these trends lead to specific predictions
which can be tested by making multiple changes which allow
coordinated motions. An extensive body of data from such
multiple-site mutants has been collected and will be presented
in a subsequent paper (S. Balasubramanian, D.G. Lambright,
and S.G. Boxer, in preparation).

8. Comparison with Other Results. Some of the substi-
tutions discussed here were made in SW Mb by site-directed
mutagenesis (Carver et al., 1990; Egeberg et al., 1990). Only
limited comparisons are possible because these authors studied
the rebinding of ligands in water at room temperature. Under
these conditions, and with the signal-to-noise of the data, it
was not possible to observe the geminate recombination of
CO for most of the mutants. Given these constraints, these
authors concluded that there was nochange in the outer kinetic
barrier with the mutations at position 68, with the exception
of Phe 68, which had a larger barrier, for which there was not
satisfactory explanation. Carver et al. (1990) did observe
that Ile 68 had a much increased inner barrier relative to
native SW Mb, which is what we observe for human Mb.
However, the contributions of this change to the outer barrier
are very large as well (Table II). This lends credence to our
assertion that the outer barrier is linked to the residues in the
interior of the protein, and while the residues at 45 and 60 do
perturb this barrier somewhat, the breaking of the salt-bridge
linkage does not constitute a major portion of this barrier. In
the context of the model for ligand escape discussed above,
it is possible that the motion of another residue, possibly the
distal histidine which is in contact with both Val 68 and Lys
45 in WT, forms the major barrier to escape. While it is
likely that replacement of the distal histidine by a smaller
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residue would decrease both the inner and outer barrier heights,
the effects of other substitutions could be quite complex.
Furthermore, if the mechanism discussed above is correct,
removal of the histidine should effectively uncouple any
changes on the protein surface from the inner barrier; this has
been recently verified in our laboratory. A mutant of SW
Mb, H64G, was studied by microsecond flash photolysis
(Braunstein et al., 1988), and it was concluded that the inner
barrier height in a frozen matrix was indeed lower than for
native SW Mb. Thedependence of the escape and entry rates
on solvent viscosity should also be significantly less than that
predicted by a Kramers-type dependence for a solvent-exposed
barrier. The viscosity dependence of the rates for these
mutants as well as for mutants at other positions, and the
contributions of the IR conformers to these rates, will be the
subjects of forthcoming publications from this laboratory.
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