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Nanosecond lasers were used to measure the rate of conformational changes in myoglobin
after ligand dissociation at ambient temperatures. At low solvent viscosities the rate is
independent of viscosity, but at high viscosities it depends on approximately the inverse
first power of the viscosity. Kramers theory for unimolecular rate processes can be used
to explain this result if the friction term is modified to include protein as well as solvent
friction. The theory and experiment suggest that the dominant factor in markedly reducing
the rate of conformational changes in myoglobin at low temperatures (<200 K) is the very
high viscosity (>107 centipoise) of the glycerol-water solvent. That is, at low temperatures
conformational substates may not be “frozen” so much as “stuck.”

Important information on the mechanism
and dynamics of a molecular process can be
obtained by studying the dependence of its
kinetics on solvent viscosity. Classic exam-
ples are the investigation of the role of
diffusion in determining the rate of a bimo-
lecular reaction (1) and the influence of
solvent friction on a unimolecular reaction
rate (2). Other examples include the effect
of solvent viscosity on the motion of small
molecules inside proteins (3) and the con-
tribution of diffusive processes to the rate-
limiting steps in protein folding (4). Here
we show how such studies can be used to
gain insight into the dynamics of conforma-
tional changes in proteins.

The carbon monoxide complex of myo-
globin (MbCO) is dissociated by light. The
conformation of the photoproduct is unsta-
ble, and the protein relaxes to the confor-
mation of the unliganded molecule by a
small but global displacement of protein
atoms on one side of the heme. We have
investigated the kinetics of this conforma-
tional change as a function of solvent vis-
cosity by using high-precision, time-re-
solved absorption measurements after pho-
todissociation by nanosecond laser pulses.
A representative set of time-resolved ab-
sorption spectra in a 79% by weight solu-
tion of glycerol in water at 20°C is shown in
Fig. 1. The time course of the decrease in
the overall amplitude of the difference spec-
tra measures the ligand rebinding kinetics,
which take place in two phases (Fig. 2A).
The first, nonexponential phase, with a
half-time of about 200 ns, corresponds to
geminate rebinding, that is, unimolecular
rebinding of CO to the heme from which it
was photodissociated (5). The second
phase, at about 1 ms, corresponds to bimo-
lecular rebinding of CO from the solvent.
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There are also changes in the shape of the
spectra, which are primarily spectral chang-
es of the deoxyheme photoproduct (Fig.
2B). The corresponding amplitudes (Fig. 2,
B and C) monitor the extent of the devia-
tions of the observed spectra from the av-
erage spectrum shown in Fig. 2A. We
interpret these spectral changes as arising
from protein conformational changes fol-
lowing photodissociation. Lambright et al.
(6) have independently observed these ki-
netics but did not investigate their viscosity
dependence.

The similarity of the deoxyheme spectral
changes to those observed for hemoglobin
suggests that they correspond to a displace-
ment of the iron relative to the heme plane
that is coupled to a protein conformational
change on the proximal side of the heme
(7). Comparison of the x-ray structures of
Mb and MbCO shows a small global dis-
placement of the protein atoms on the
proximal side (8), and this is most likely the

Fig. 1. Time-resolved opti-
cal absorption spectra fol-
lowing photodissociation
of the CO complex of
sperm whale myoglobin.
Deoxy-minus-CO  differ-
ence spectra of photodis-
sociated MbCO in 79% by
weight glycerol-water at
20°C are shown as a func-
tion of time. The experi-
ments were carried out
with the use of two Nd:YAG
(yttrium-aluminum-garnet)
lasers that produced 10-ns
pulses for photolysis and
optical absorption mea-
surements as described

protein conformational change that is being
monitored in our experiments. This confor-
mational change is interesting because it
could be responsible for slowing down the
rate of ligand rebinding to produce the
nonexponential geminate phase (9, 10). Its
global nature suggests that its rate would be
influenced by solvent viscosity. There is
also a localized rearrangement of side chains
on the distal side of the heme observed in
the x-ray studies (8) that may correspond to
the 200- to 300-ps process observed in
circular dichroism studies (11) or contrib-
ute to the sub-30-ps events detected in
phase-grating spectroscopic experiments
(12).

The data in Fig. 2, B and C, show that
there is an initial large-amplitude process in
the kinetics of the protein conformational
change, which is followed by smaller am-
plitude processes (13). We shall be con-
cerned here only with the large-amplitude
initial process (indicated by the arrows in
Fig. 2, B and C), for which relatively
precise rate constants can be derived. The
major result is that increasing the viscosity
increases the amplitude of the initial pro-
cess that was resolved with our 10-ns laser
pulses, which indicates a slowing of the
conformational change. Studies by Frauen-
felder and co-workers (3) showed that li-
gand rebinding rates at a given viscosity and
temperature are the same for different sol-
vents, which implies that the effect of
glycerol on the conformational kinetics in
our experiments does not result from a
solvent effect other than viscosity.

The data in Fig. 2, B and C, show that
the kinetic progress curve for the initial
conformational relaxation is at least bi-
exponential. In order to obtain a single rate
constant under each set of conditions, we
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(21). In order to eliminate effects due to rotational diffusion of the photoselected populations in
incompletely photolyzed samples, we obtained isotropically averaged spectra by making measure-
ments with the polarization of the photolysis pulse both parallel to and perpendicular to the
polarization of the probe pulse. The rotational correlation time was determined from the decay in the
optical anisotropy and exhibited Stokes-Einstein behavior, which indicates that increasing the
glycerol concentration has no perceptible effect on either the size or the shape of the protein.
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simultaneously fit 21 kinetic progress curves
that were obtained in water, 56% by weight
glycerol-water, and 79% by weight glycerol-
water between —5°C and +35°C, with the
use of a stretched exponential function for
the initial relaxation (14):

A(t) = Ao exp( —kt)P (1)

where it is assumed that A, the amplitude
at t = 0, and B are the same under all
conditions. The rate constants k obtained
from these fits for B = 0.6 and A, = 0.06
are shown in Fig. 3 as a function of the
solvent viscosity (15).

The theoretical explanation for the ef-
fect of solvent viscosity on unimolecular
rate processes in the condensed phase is
provided by the Kramers theory (2), which
shows that for a diffusive barrier-crossing
the rate is inversely proportional to the
friction. For protein conformational chang-
es, two sources of friction must be consid-
ered because only a fraction of the protein
atoms is in contact with solvent atoms.
One is the friction of the solvent, which
retards the motion of atoms on the surface

Fig. 2. Kinetics of ligand rebinding and confor-
mational changes following photodissociation
of MbCO. Spectra for different solvent compo-
sitions and temperatures of the type shown in
Fig. 1 were analyzed with the use of singular
value decomposition (SVD), which transforms
the data set D into a product of three matrices:
D = USVT (22). The columns of Urepresent the
minimal set of orthonormal basis spectra, the
columns of Vare the corresponding amplitudes
as a function of time, and the diagonal elements
of S are a measure of the contribution of the
corresponding basis spectra to the observed
spectra. After correcting for the temperature
and solvent dependence of the spectra, the
data at all temperatures and viscaosities can be
represented in terms of two basis spectra. (A)
Time course of the amplitude of the first basis
spectrum in three different solvents at 20°C, in
0.1 M phosphate buffer (pH 7.0) and 10 mM
Na,S,0,. Upper curve, water; middle curve,
56% by weight glycerol-water; lower curve,
79% by weight glycerol-water. The first basis
spectrum (shown in the inset) is an average
deoxy-minus-CO difference spectrum; the cor-
responding amplitudes are normalized to 1 at t
= 0 and represent a very good approximation
to the fraction of deoxyhemes. Differences in
the bimolecular rebinding rate at times longer
than 100 ws are due in part to differences in the
free CO concentration. (B and C) Time course
of the amplitudes of the second basis spectrum
at 20°C (B) and 5°C (C) normalized by the
fraction of deoxyhemes. Lower curve, water;
middle curve, 56% by weight glycerol-water;
upper curve, 79% by weight glycerol-water.
The second basis spectrum [shown in the inset

of the protein; the other is the internal
friction of the protein, which slows the
motion of protein atoms relative to each
other. If we assume that the friction of the
protein and solvent is additive, the Kramers
equation (2) for the rate constant in the
high-friction limit becomes:

B
k= oL+ (I-al exp( — Eo/RT) (2)

where R is the gas constant, T is the
temperature, E is the average height of the
potential energy barrier separating the pro-
tein conformations, B is a viscosity- and
temperature-independent parameter that
depends on the shape of the potential sur-
face, { is the friction constant for motion
in the protein, and { is the friction con-
stant for motion in the solvent which,
according to Stokes’ law, is proportional to
its viscosity. In Eq. 2 the relative contribu-
tions of protein and solvent friction are
approximated by the parameter «, which is
the fraction of protein atoms involved in
the conformational change that are not in
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to (B)] is primarily a spectral change of the deoxyhemes; the corresponding amplitudes represent
the kinetics of the deoxyheme spectral changes, which are interpreted as the kinetics of the protein
conformational change on the proximal side of the heme. The continuous curves are the least
squares best fit to the data described in (15). The arrows indicate the relaxation times for the initial

relaxation described by Eq. 1.
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contact with solvent atoms. For simplicity,
we ignore any dependence of the protein
friction constant on the solvent viscosity or
temperature.

To apply Eq. 2 to the experimental data,
we write the pre-exponential factor in terms
of the known solvent viscosity, M, and the
adjustable parameters C and o

C
= exp( — Eo/RT) 3)
o+n

o has units of viscosity and can be thought
of as the contribution of the protein friction
to the total friction. The data in Fig. 3
exhibit the characteristic features of this
equation, that is, a small viscosity depen-
dence at low solvent viscosities and an
inverse first-power viscosity dependence at
high solvent viscosities. This result does
not depend on the use of the stretched
exponential function (Eq. 1) because it is
also obtained with B = 1 (lower error limits
in Fig. 3).

The fit to the data in Fig. 3 with the use
of Eq. 3 yields values of C = 7.2 = 3.0 X
10" cP/s, 0 = 4.1 = 1.3 cP, and E, = 2.4
*+ 2.2 kcal/mol. This value for o suggests
that the solvent viscosity coordinate at
ambient temperatures may be divided into
approximately three regions: (i) below ~1
cP (the viscosity of water at 20°C), where
the solvent friction makes a small contribu-
tion to decreasing the rate constant for this
conformational change; (ii) between 1 and
15 cP, where both the protein friction and
the solvent friction contribute to decreasing
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Fig. 3. Rate constant for Mb conformational
change as a function of solvent viscosity. The
plotted values are the rate constants for the
initial, large-amplitude process and were ob-
tained by fitting the data with a stretched expo-
nential function (Eg. 1). The best fit was ob-
tained for B = 0.62 and A, = 0.058. The
temperatures for both the 56% by weight (trian-
gles) and the 79% by weight (circles) glycerol-
water solvents were —5°C to +35°C at intervals
of 5°C, whereas the temperatures for water
(squares) were 5°, 20°, and 35°C. Fitting these
rate constants with Eq. 3 shows that the activa-
tion energy is small (E, = 2.4 + 2.2 kcal/mol),
so that most of the change in the rate constant
is due to the change in viscosity (75).
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the rate constant; and (iii) above 15 cP,
where the solvent friction dominates. Ex-
trapolation of these results to low tempera-
tures indicates that solvent viscosity could
have very large effects on the rate of con-
formational change. At —95°C in 79% by
weight glycerol-water, the pre-exponential
factor in Eq. 3 for this conformational
change is predicted from the viscosity (16)
to be reduced by a factor of about 10!
compared to the value at 20°C, whereas the
exponential term is predicted to be reduced
by a factor of less than 200. This extrapo-
lation suggests that the marked decrease in
the rate of interconversion of conforma-
tional substates at temperatures near the
glass transition (10, 17, 18) results more
from the enormous viscosity of the solvent
than from potential energy barriers that are
large compared to the average thermal en-
ergy. That is, at low temperatures confor-
mational substates may not be “frozen” so
much as “stuck.” This hypothesis predicts
that the low-temperature kinetics of Mb,
which has a broad distribution of ligand
rebinding rates resulting from a distribution
of noninterconverting conformational sub-
states (10, 17), would be mimicked at room
temperature in very high viscosity solvents.
Distributed kinetics at room temperature
have, in fact, been observed in solid poly-
vinyl alcohol (17).

What is the influence of solvent viscos-
ity on the rate of protein conformational
changes under physiological conditions?
The viscosity of cytoplasm has been esti-
mated to be about 2 to 3 cP (19). Although
we do not yet know anything about the
values of o for other proteins, the present
results suggest that intracellular viscosities
could slow protein conformational changes
significantly and therefore influence the
kinetics of protein function (20).
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Probing Protein Stability with Unnatural
Amino Acids

David Mendel, Jonathan A. Ellman, Zhiyuh Chang,
David L. Veenstra, Peter A. Koliman, Peter G. Schultz*

Unnatural amino acid mutagenesis, in combination with molecular modeling and simulation
techniques, was used to probe the effect of side chain structure on protein stability. Specific
replacements at position 133 in T4 lysozyme included (i) leucine (wt), norvaline, ethyl-
glycine, and alanine to measure the cost of stepwise removal of methyl groups from the
hydrophobic core, (i) norvaline and O-methyl serine to evaluate the effects of side chain
solvation, and (jii) leucine, S,S-2-amino-4-methylhexanoic acid, and S-2-amino-3-cyclo-
pentylpropanoic acid to measure the influence of packing density and side chain confor-
mational entropy on protein stability. All of these factors (hydrophobicity, packing, con-
formational entropy, and cavity formation) significantly influence protein stability and must
be considered when analyzing any structural change to proteins.

Mutational studies of the amino acids that
form the hydrophobic core of proteins are
beginning to define how these residues in-
fluence protein structure and stability (I-
10). However, it is difficult to 'make muta-
tions with the natural 20 amino acids that
perturb one interaction without simultane-
ously affecting several others. For example,
mutation of Leu'** — Phe or Ala'? — Val
in T4 lysozyme (T4L) in an attempt to
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increase packing density, and as a conse-
quence, thermal stability, resulted in a less
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