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Viscosity-Dependent Protein Dynamics

llya J. Finkelstein, Aaron M. Massari, and M. D. Fayer
Department of Chemistry, Stanford University, Stanford, California

ABSTRACT Spectrally resolved stimulated vibrational echo spectroscopy is used to investigate the dependence of fast protein
dynamics on bulk solution viscosity at room temperature in four heme proteins: hemoglobin, myoglobin, a myoglobin mutant with
the distal histidine replaced by a valine (H64V), and a cytochrome css, mutant with the distal methionine replaced by an alanine
(M61A). Fructose is added to increase the viscosity of the aqueous protein solutions over many orders of magnitude. The fast
dynamics of the four globular proteins were found to be sensitive to solution viscosity and asymptotically approached the dynamical
behavior that was previously observed in room temperature sugar glasses. The viscosity-dependent protein dynamics are analyzed
in the context of a viscoelastic relaxation model that treats the protein as a deformable breathing sphere. The viscoelastic model
is in qualitative agreement with the experimental data but does not capture sufficient system detail to offer a quantitative description
of the underlying fluctuation amplitudes and relaxation rates. A calibration method based on the near-infrared spectrum of water

overtones was constructed to accurately determine the viscosity of small volumes of protein solutions.

INTRODUCTION

Proteins are inherently dynamic molecules that undergo
structural fluctuations over a wide range of timescales, from
femtoseconds to milliseconds and longer (1-5). Structural
fluctuations that occur on the fastest (femtosecond to many
picosecond) timescales permit the protein to sample a rugged
energy landscape and ultimately facilitate slower, larger scale
protein rearrangements that are responsible for modulating
biological function (6-8). The dynamics and stability of a
protein in solution are intimately coupled to the dynamics of
the solvent (8—12). Early studies on O, photolysis from myo-
globin highlighted the importance of solvent viscosity rel-
ative to other parameters such as pH or ionic strength in
moderating the kinetics of rebinding in solution (12). Sub-
sequent detailed investigations of protein dynamics as a
function of viscosity have offered insights into fundamental
biochemical reactions (12—14) and protein-solvent interac-
tions (5,8-10,15-17).

The relationship between structure and dynamics in heme
proteins continues to serve as an elegant example of how
nature has exploited the dynamic properties of proteins to
affect their biological function. Hemoglobin is a globular,
a-helical homodimer protein with four prosthetic heme groups
that are responsible for reversibly binding O, and delivering
it to myoglobin for subsequent storage in the muscle. The
x-ray crystal structures of hemoglobin as well as myoglobin
do not show static channels for biologically relevant small
molecules such as O,, NO, or CO to enter the protein’s active
site (18—20). Elucidation of the mechanism by which these
ligands enter (or escape) the active site via dynamic fluctu-
ations of the protein structure has been one of the successes
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of modern biophysics (9,10,13,18,21,22). Studies on the
viscosity-dependent photolysis of CO from the protein’s
active site revealed the complexity of the ligand binding
reaction. Further investigations into the viscosity-dependent
dynamics of heme proteins have continued to support the
strong coupling between solution viscosity and protein fluc-
tuations (5,9,10,12,13,15).

In this study, spectrally resolved infrared stimulated (three-
pulse) vibrational echo (23) spectroscopy is used to probe the
fast structural dynamics of four globular heme proteins (24)
as a function of viscosity at room temperature. The solvent
viscosity was tuned over five orders of magnitude by adding
fructose to the aqueous protein solutions. Protein dynamics
were directly measured by binding CO, a strong infrared (IR)
chromophore, to the reduced Fe(I)-heme active site of each
of the proteins. Cytochrome css, from Hydrogenobacter
thermophilus is a small, ~11 kDa, globular protein with a
solvent-accessible active site that contains a methionine
ligand distal to the heme plane. The axial methionine residue
in cytochrome css, was replaced by an alanine (M61A) to
accommodate CO binding to the heme, and the aqueous
mutant protein has been recently characterized by two-
dimensional NMR and vibrational echo experiments (25—
28). Because the residue distal to the heme is known to
strongly influence the dynamics sensed by the CO (29), we
also investigated the viscosity dependence of wild-type myo-
globin (MbCO) and a mutant in which the distal histidine
has been replaced by a valine (H64V). Finally, we investi-
gated the viscosity-dependent protein dynamics of the ~64
kDa adult human hemoglobin (HbCO).

All four proteins in this study are found to be sensitive to
the viscosity of the solution. As the viscosity is increased,
the vibrational echo decays approach exponential relaxation,
which indicates a reduction of the fast protein dynamics
leaving a set of ultrafast structural fluctuations that motion-
ally narrow the vibrational dynamic line (26). Slower timescale
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dynamics (as measured by spectral diffusion) become slower
and decrease in amplitude. By ~10,000 cP, the protein dy-
namics are indistinguishable from dynamics of a protein encased
in a fructose glass. Although they vary substantially in size
and structure, the vibrational echo decays of the four proteins
exhibit very similar, mild viscosity dependence.

The experiments presented here are a major extension of
previous two-pulse vibrational echo experiments conducted
on the viscosity dependence of the dynamics of MbCO (5).
The two-pulse experiments involve a single time dimension,
the time 7 between the two input pulses that give rise to the
vibrational echo signal (30,31). The time resolution was an
order of magnitude less than in the current experiments, and
all of the data in the two-pulse experiments were analyzed
assuming that the vibrational echo decays were exponential.
The three-pulse vibrational echo experiments presented here
have two time dimensions. In addition to the time between
the first and second pulses, 7, there is a second time T, the
time between the second and third pulses. The two-pulse
experiments are the equivalent of one point, Ty, = 0, in the
current experiments. The increased time resolution shows
that the decays are nonexponential. By making measurements
over a series of T, values, a much broader range of dynam-
ical timescales is observed. The current three-pulse stimu-
lated vibrational echo experiments are sensitive to dynamics
over a longer observation window (~100 ps) in contrast to
the few picoseconds observed in the previous two-pulse
experiments. The two time dimensions and the increase ob-
servation window makes it possible to more accurately pin
down changes in the dynamics with viscosity. In addition,
the experiments presented here examine four proteins with
distinct characteristics, making comparisons possible.

The two-pulse experiments on MbCO were interpreted
using a viscoelastic model (5). The results appeared to be in
excellent agreement with the predictions of the model. The
three-pulse experiments make it possible to test the model
more fully, and the results presented below demonstrate the
failure of one of the major features of the model. Nonethe-
less, the viscoelastic relaxation model provides a rationale
for the observed mild viscosity dependence of the vibrational
echo signal, but it does not quantitatively capture the micro-
scopic amplitudes and timescales of the protein fluctuations.

As part of this study, it was necessary to produce protein
samples with a wide range of viscosities. An accurate deter-
mination of solvent viscosity in a ~10-ul solvent volume
was achieved by calibrating the relationship between the area
under a water combination band at ~5150 cm ™' and the mea-
sured solvent viscosity for fructose-water and myoglobin-
fructose-water solutions.

EXPERIMENTAL PROCEDURES
Sample preparation

Horse heart myoglobin, human hemoglobin, and fructose were purchased
from Sigma-Aldrich (St. Louis, MO) and used without further purification.
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Purified human met-H64V was provided by Boxer and co-workers and was
prepared according to published protocols (32,33). The cytochrome ¢ mutant
M61A was prepared by Bren and co-workers as described previously (28,34).
Each protein was reduced with a ~10-fold excess of dithionite and stirred
under a CO atmosphere for ~1 h. The reduced and CO-ligated protein was
centrifugally concentrated to ~10 mM and loaded into an air-tight sample
cell with a 50-um spacer between two CaF, windows. The samples had an
optical density of ~0.1-0.15 above a background of ~0.5 at the center of
the CO stretching frequency. Sugar glass films were prepared by spin coat-
ing the protein-fructose solutions onto a CaF, flat and drying under vacuum
overnight before data acquisition.

To increase the solution viscosity, fructose was added to the samples.
Proteins at intermediate viscosities (<~200 cP) were prepared by dissolving
fructose directly into the protein-water solutions. For the highest viscosities,
the protein-water-fructose solutions were placed in a rotary evaporator to
reduce the water content and increase solution viscosity. The viscosities of
MbCO and HbCO fructose water solutions were measured directly by spin-
ning disk rheometric methods (ARES rheometer, Rheometric Scientific,
Piscataway, NJ). Limited availability and small sample volumes of the mu-
tant proteins (M61A and H64V) precluded a direct rheometric determination
of the solution viscosity, thus we developed a spectroscopic approach to
accurately measure the solution viscosity over a range of ~10-100,000 cP.
The spectroscopic viscosity determination method and the range of
viscosities studied for each protein is described in complete detail in the
Supplementary Material.

Vibrational echo spectroscopy

The experimental setup has been previously described in detail (4,35).
Tunable mid-IR pulses with a center frequency adjusted to match the center
frequency of the protein sample of interest (1945-1976 cm™") were gen-
erated by an optical parametric amplifier pumped with a regeneratively
amplified Ti:Sapphire laser. The bandwidth and pulse duration used in these
experiments were 150 cm ™" and 100 fs, respectively. The mid-IR pulse was
split into three pulses (~700 nJ/pulse each) with experimentally controllable
timing delays. The delay between the first two pulses, 7, was scanned at each
time T\, the delay between pulses two and three. The three beams were
crossed and focused at the sample. The spot size at the sample was ~150
um. The vibrational echo pulse generated in the phase-matched direction
was dispersed through a 0.5 meter monochromator (~1.2 cm™" spectral
resolution) and detected with a liquid nitrogen-cooled HgCdTe array
detector or a liquid nitrogen-cooled InSb single element detector. A power
dependence study was performed on all samples and the data showed no
power-dependent effects (35). Data collection for all samples was performed
at room temperature in an enclosed, dry-air purged environment. Spectrally
resolved vibrational echo data for each protein were acquired at the fol-
lowing waiting times: Ty, = 0.5, 2, 4, 8, and 16 ps and at all viscosities. All
subsequent data analysis was performed on the spectrally resolved data. The
spectral resolution makes it possible to separate contributions from partially
overlapping spectral features in the absorption spectra of the four heme-CO
proteins studied.

FFCF extraction from vibrational echo data

To extract quantitative information from the vibrational echo decays, non-
linear response theoretical calculations were compared to the experimental
data. Within conventional approximations (36—38), both the vibrational echo
and the linear infrared absorption spectrum are completely determined by the
frequency-frequency correlation function (FFCF). A multiexponential form
of the FFCF, C(r), was used in accord with previous vibrational echo
analysis and molecular dynamics (MD) simulations of heme proteins
(26,28,35,39,40). It is important to note the highly nonlinear relationship
between the FFCF and the vibrational echo decay. The exponentials in the
FFCF do not necessarily give rise to single or multiexponential vibrational
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echo decay curves, but rather produce complicated nonexponential decays
that are calculated from the FFCF using diagrammatic perturbation theory
(37). In contrast to the previously reported two-pulse vibrational echo study
of the viscosity dependence of MbCO, the data presented below are not fit as
if they are single exponentials. The nonexponential decays observed here are
reproduced by the calculations. The FFCF employed here has the form

C(t) = Ay + Ajexp(—t/7) + Ajexp(—t/m), (1)

where Ay is the contribution from inhomogeneous broadening. Inhomoge-
neous broadening is caused by variations in protein structure that influence
the CO frequency but evolve on timescales that are much longer than the
experimental time window. In this study, the structural dynamics that occur
on the timescale slower than ~100 ps will contribute to inhomogeneous
broadening; A; is the magnitude of the contribution from a frequency per-
turbing process that contributes over a characteristic time 7;. If 7; is fast
compared to A;” ' (Aj7; < 1, A; in radians/ps) for a given exponential term,
then that component of the FFCF is motionally narrowed (26,41,42). For a
motionally narrowed term in C(z), the A; and 7; cannot be determined
independently, but a pure dephasing time, can be defined ( T; = (Azr)fl),
which describes the ‘‘homogeneous linewidth’’ for that component of the
FFCF. Although protein dynamics generally occur over a continuum of
timescales, a multiexponential C(f) organizes these fluctuations into experi-
mentally relevant timescales that can be compared from one system to
another.

The FFCF is used to calculate the linear absorption spectrum and a series
of vibrational echo decay curves (7 scanned, T\, fixed) for a range of T,
values. An FFCF with a single exponential plus a constant term was not able
to simultaneously reproduce the linear IR spectrum and the vibrational echo
decay curves at all T, values for any of the proteins and viscosities in this
study. To maximize the efficiency of the empirical fits, 6-function laser
pulses were used when fitting the data. A comparison of these fits to those
obtained by performing the full three time-ordered integrals with the finite
pulse durations (37) verified that the effects of pulse duration were neg-
ligibly small given the very short pulses used in the experiments. The FFCF
obtained from analysis of the data using diagrammatic perturbation theory
calculations was deemed correct when it could be used to calculate vibra-
tional echo decays that fit the experimental vibrational echo data at all T,
values and simultaneously reproduce the linear absorption spectrum. The
viscosity-dependent FFCFs for each of the proteins are presented in the
Supplementary Material. In the case of HbCO and MbCO, several spec-
troscopically distinct structural states can produce an oscillatory component
in the vibrational echo signal from the main peak of interest through an
accidental degeneracy beat mechanism (43). To extract decays from the data
so that the dynamics of the major state can be analyzed, the influence of the
accidental degeneracy beat mechanisms are removed using the well-defined
procedure that has been established previously (44).

RESULTS AND DISCUSSION

Linear and stimulated vibrational
echo spectroscopy

The viscosity-dependent FTIR spectra of CO bound to MbCO,
HbCO, H64V, and M61A are shown in Fig. 1, a—d. Both
MbCO and HbCO exist as an ensemble of structurally dis-
tinct, interconverting substates that give rise to multiple peaks
in the FTIR spectrum of the CO. In the case of MbCO, three
spectroscopic substates commonly labeled as A3, Ay, and Ag
(very small) can be observed at 1934, 1944, and 1968 cmfl,
respectively. In HbCO, two substates are observed at 1951
and 1968 cm ™~ '. The structural substates in both MbCO and
HbCO arise because of the several possible orientations of
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FIGURE 1 Viscosity-dependent FT-IR spectra of the four proteins. All
data have been background subtracted and normalized. As viscosity is
increased, the FT-IR spectra shift to higher frequency by a few wavenum-
bers. Panels A—D show the spectra of MbCO, HbCO, H64V, and M61A,
respectively.

the histidine distal to the heme plane. The distal histidine is
a significant source of dephasing in MbCO (4,40,45), and
replacing it with a valine (H64V) allows us to observe struc-
tural fluctuations with increased emphasis on residues farther
from the protein active site (26,39).

The linear absorption spectra of the proteins examined in
this study are only mildly dependent on the solvent viscosity.
Upon addition of fructose (and an increase in the viscosity by
many orders of magnitude) the linear absorption spectra of
MbCO do not shift within experimental resolution. The other
proteins shift at most a few wave numbers to the blue with
M61A exhibiting the largest blue shift of 2.7 cm™"' upon
encapsulation in a fructose film. As viscosity is increased for
the aqueous solution, the spectral width of the HbCO peak
increases by ~1.5 cm ™', while the widths of MbCO and H64V
do not change within the spectral resolution of the FTIR
measurement. The width of M61A decreases with increasing
viscosity having a maximum decrease of ~3 cm ™' when the
protein is encapsulated in a fructose glass. The linear ab-
sorption spectrum is sensitive to protein structural fluctua-
tions that occur on all timescales. Therefore, an increase or
decrease in width shows that a change in the total range of
frequencies has occurred. Because the frequencies are linked
to structural configurations, a change in total linewidth sug-
gests that there is a change in the total range of structural
configurations. It is interesting to note that the largest protein
increased in width whereas the smallest protein decreased in
width. A difference between M61A and the other three pro-
teins is that its active site is exposed to the solvent. It is
unclear whether size differences and/or the exposed active
site is responsible for the small changes in linewidths with
increasing viscosity.
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The relative concentrations of the structural substates in
MbCO and HbCO are generally sensitive to solution con-
ditions (44,46—48). In protein-sugar films, the substate con-
centration is sensitive to the degree of film hydration and the
type of saccharide used (49-51). A change in the substate
ratio means that there is a change in the relative thermody-
namic stability of the two substates or for very dry films it is
possible that the sugar glass captures the system far from equi-
librium. The ratio of the spectroscopic substates in MbCO
and HbCO does not change even in the fructose sugar films,
contrary to what has been observed in trehalose and sucrose
(26,49,52). This observation may indicate that water pref-
erentially hydrates the protein to a greater degree in fructose
than in trehalose or sucrose glasses (26,52) or that the fruc-
tose films retain more residual moisture than the disaccharides.

The linear absorption spectrum of heme-CO in proteins at
room temperature is inhomogeneously broadened, obscuring
the underlying protein dynamics (26,39,53,54). Stimulated
vibrational echo spectroscopy can look inside the inhomoge-
neously broadened absorption spectrum and reveal informa-
tion about the fast dynamics of protein fluctuations (55). Fig.
2 displays the spectrally resolved vibrational echo decay
curves of H64V taken at the center of the 0—1 transition fre-
quency as a function of increasing viscosity at a fixed waiting
time, Ty, = 2 ps. All four proteins exhibit similar qualitative
behavior. As the viscosity of the protein-fructose-water
solution is increased the vibrational echo decays become
slower and approach exponential decay functions as the vis-
cosity approaches that of the sugar glass.

For all four proteins, the vibrational echo decays slow down
as a function of increasing viscosity and asymptotically ap-
proach an exponential decay in the fructose film (infinite
viscosity). Fructose was chosen as a cosolvent because its

vibrational echo signal (norm.)

z(ps)

FIGURE 2 Normalized spectrally resolved vibrational echo decays ac-
quired at Ty, = 2 ps as a function of viscosity for H64V. As the viscosity is
increased from aqueous (~3 cP) to a sugar glass, the vibrational echo
dephasing becomes slower and approaches a single exponential decay. The
inset presents the same data on a semilog plot.
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concentration could be varied to continuously modulate the
viscosity from ~3-10,000 cP and eventually to a sugar glass.
To verify that the changes in the protein dynamics are related
to the solution viscosity (as opposed to fructose-specific
interactions) we compared several data sets acquired at
viscosities up to ~200 cP but where the coadditive was
glycerol. The vibrational echo decays were identical regard-
less of whether fructose or glycerol was used to increase the
viscosity. This observation is consistent with earlier obser-
vations that MbCO dynamics were sensitive to the solution
viscosity regardless of whether ethylene glycol and glycerol
is used as a coadditive (5).

The nearly exponential vibrational echo decays of heme
proteins encapsulated in a fructose glass are consistent with
the behavior of proteins confined in other sugar glasses at
room temperature and ethylene glycol and glycerol glasses
observed at lower temperatures (5,26,56). The onset of single
exponential vibrational echo decays is a signature of the
separation of the protein dynamics into two limits: very fast
processes that produce motionally narrowed Lorentzian line-
shapes and give rise to exponential vibrational echo decays,
and very slow or static processes that do not evolve on the
vibrational echo timescale and give rise to the Gaussian in-
homogeneous distribution observed in the linear absorption
spectrum. Previously, we have shown that the fastest protein
dynamics that are sensed by the CO are essentially solvent
independent and persist even when the protein is encased in a
trehalose glass (26). Our current findings confirm that this is
a reccurring feature of protein dynamics in sugar glasses and
that the identity of the protein or the sugar is not important.
By continuously increasing the solution viscosity we are able
to monitor the transition from the dephasing that occurs over
a variety of timescales in aqueous solution to the only
ultrafast fluctuations that give rise to approximately single
exponential vibrational echo decays that were previously
observed in trehalose glasses.

In stimulated (three-pulse) vibrational echo experiments,
the dynamics that occur on timescales longer than those shown
for a single vibrational echo decay (Fig. 2), termed spectral
diffusion, can be measured by varying the time delay be-
tween the second and third pulses, T,. Although at each T\,
the entire decay curve is measured, it is convenient to display
the large number of data sets by plotting the vibrational echo
peak shift (39,57-59) as a function of T. The vibrational
echo peak shift is the difference between the time of peak
amplitude of the decay curve and zero time (57,58). As Ty, is
increased more fluctuations that occur at longer times are
observed. These additional fluctuations cause the vibrational
echo to decay faster and its peak to shift toward the origin
(39,57,58). A faster vibrational echo decay and smaller peak
shift means that a larger portion of the total possible struc-
tural configurations of the protein has been sampled. For long
enough T,,, spectral diffusion is complete and the proteins
have sampled all possible structures. In this limit, the Fourier
transform of the vibrational echo is equal to the absorption
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line and the vibrational echo peak shift is zero. In the ex-
periments conducted here, the long time limit is not reached
because the maximum T, is restricted by the CO vibrational
lifetime (60-62).

Fig. 3 shows the vibrational echo peak shifts for H64V
at several viscosities and in a fructose film. In the aqueous
protein (Fig. 3, solid squares), the protein samples ~50% of
the full linewidth by a T, of 16 ps. As viscosity is increased,
the protein dynamics shift to slower timescales, as is evi-
denced by the larger initial peak shift amplitude and the
reduction in the decay of the peak shift as a function of T\,.
At very high viscosities, the protein is unable to sample a
substantial portion of its dynamic linewidth within the ex-
perimental observation window. It is interesting to note that
the spectral diffusion at ~20,000 cP is identical within ex-
perimental error to that of a fructose film (Fig. 3, fop two sets
of data points). If the fast protein dynamics consisted only of
a very fast motionally narrowed contribution to the vibra-
tional echo decay with no spectral diffusion, then the peak
shift would be independent of T,. The mild slope of the
upper most points and nearly exponential vibrational echo
decays show that there continues to be some spectral dif-
fusion even in a fructose glass, which may indicate incom-
plete dehydration of the sugar film. The decrease in the slope
of these peak shift plots with increasing viscosity demon-
strates that the spectral diffusion is significantly reduced
relative to that of the aqueous protein. The vibrational echo
dynamics of all four proteins exhibited the same decrease in
spectral diffusion dynamics as viscosity is increased. Fur-
thermore, all proteins encapsulated in a fructose glass showed
a mild T, dependence, suggesting that the proteins still un-
dergo limited structural evolution on the timescales of several
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FIGURE 3 The spectrally resolved vibrational echo peak shift as a
function of T, for H64V as the viscosity is increased. The viscosities of the
data are 3 cP (solid squares), 40 cP (solid circles), 660 cP (solid triangles),
6400 cp (open squares), 28,000 cP (open circles), and in a sugar glass (open
triangles). The vibrational echo peak shift indicates that spectral diffusion
becomes significantly slower, but does not completely vanish as the vis-
cosity is increased.
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T,,. The decrease in spectral diffusion is caused by a decrease
in sampling of distinct protein structures on a timescale out
to ~5X the longest T, (62).

The peak shift information can also be used to conve-
niently gauge the relative viscosity-dependent behavior of
the proteins in this study. Fig. 4 plots the peak shift of HbCO,
H64V, and M61A at T,, = 2 ps as a function of viscosity.
The peak shifts of the A; and A; states of MbCO are difficult
to determine because of the high degree of spectral overlap
between the two states and these peak shifts are omitted from
the current discussion. As the viscosity is increased, the am-
plitudes of the peak shifts increase (reflecting a decrease in
the spectral diffusion) and asymptotically approach the peak
shifts of the proteins in the fructose glass (indicated by the
dashed line). The amplitude of the H64V peak shift is larger
than that of HbCO and M61A. However, the viscosity de-
pendence is reflected by the rate of change of the peak shift
as a function of viscosity. The peak shift dependence on vis-
cosity is nearly identical for all three proteins, and this ob-
servation remains consistent at all T, values.

Viscoelastic model

The viscosity-dependent vibrational dephasing data have
been discussed above in terms of several qualitative observa-
tions about the viscosity dependence of the structural fluc-
tuations of heme proteins. First, the protein structural dynamics,
as sensed by the CO bound to the heme active site, are only
mildly sensitive to the detailed structure of the protein. In this
study, we examined four proteins of varying sizes from the
relatively small ~11 kDa cytochrome ¢ M61A mutant, to the
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FIGURE 4 The spectrally resolved vibrational echo peak shift as a func-
tion of viscosity for Ty, = 2 ps. The data are for the 0—1 transition frequencies
of H64V (squares), M61A (triangles), and HbCO (circles). As viscosity is
increased, the peak shift approaches the infinite viscosity asymptotic value
(shown as dashed lines) of the fructose sugar film. The viscosity dependence
of the spectral diffusion (change in the peak shift with viscosity) is nearly
identical for the three proteins.
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~16 kDa MbCO and H64V mutant, and the larger 64 kDa
HbCO. Furthermore, the residue distal to the heme plane
was different in three of the four proteins: alanine (M61A),
histidine (MbCO, HbCO), and valine (H64V). Although each
of the proteins exhibits different dephasing rates that are sen-
sitive to the identity of the distal residue and proteins struc-
tural dynamics (28,39), the viscosity-dependent change in
these fluctuations remained nearly the same for all four pro-
teins. In each case, the dynamics are significantly slower in
higher viscosity solvents and the longer timescale (<100 ps)
fluctuations, observable as spectral diffusion, are nearly iden-
tical for the four proteins. Changing the solvent from fructose
water to glycerol water did not change the result, which
demonstrates that the dominate influence on dynamics is in-
deed viscosity rather than the changing composition of the
fructose-water mixture.

Second, we observed that the dephasing rates exhibit a
weak viscosity dependence. These data presented in Figs. 4
and 5 span over five orders of magnitude in viscosity but the
rates of spectral diffusion and vibrational dephasing change
by approximately two orders of magnitude.

Both of these experimental observations are consistent
with previously reported two-pulse vibrational echo measure-
ments of the A; state MbCO as a function of viscosity and
temperature (5). A conceptually simple viscoelastic theory of
protein-solvent interactions was used to discuss the earlier
temperature and viscosity-dependent experimental data of the
A, state of MbCO (5,54,63). The main features of the vis-
coelastic model describing the relationship between viscosity-
dependent protein structural fluctuations and vibrational echo
observables (5) will be briefly recapitulated and then tested
with the isothermal viscosity-dependent protein dynamics
data presented in this study.

The CO group in heme proteins is located in the protein
interior and does not interact with the bulk solvent directly.
Rather, vibrational dephasing of the CO is well described by
interactions between the CO dipole moment and time-
dependent fluctuating electric fields that arise from structural
dynamics of partially charged residues within the protein
(4,29,31,64). Protein structural fluctuations are known to be
strongly coupled to solvent dynamics (15,65). Protein struc-
tural fluctuations may involve transient reorganization of the
solvent around the protein, a process that is increasingly
hindered as viscosity is increased. Structural fluctuations,
even those that involve the interior of the protein, can require
surface topology changes of the protein. These surface to-
pology changes are resisted by the solvent, and the resistance
increases as the viscosity increases. In the viscoelastic model,
the protein is treated as a sphere of radius r,, embedded in a
viscoelastic continuous solvent with a given viscosity, 7.
The model considers spherical fluctuations of the protein’s
volume; i.e., the protein is treated as a breathing sphere. This
assumption is a reasonable approximation for the globular
heme proteins. As a breathing sphere, the protein’s fluctu-
ations are fully characterized by its change in radius. The
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changes in the protein radius are coupled to changes in the
electric field at the CO due to displacement of charged and
polar groups within the protein. The protein is also treated as
a continuous material with a bulk modulus Kj,. The visco-
elastic theory shows that changes in the proteins radius are
essentially instantaneously translated into changes of the elec-
tric field sensed by the CO.

The coupling between the changes in the protein radius,
orp(?), and the fluctuating electric field, SE(7), are described
by a proportionality constant b,

SE(t) = bér,(r). 2
Within these assumptions, the time-dependent frequency
fluctuations of the CO transition frequency is described by

su(n) = 2020 () ©)

where 8w (¢) is the change in the dipole moment of the CO
upon excitation from the ground to the first excited state and
dw(t) is the deviations of the transition frequency from the
ensemble averaged mean frequency (w).

The viscosity dependence primarily manifests itself through
the last term of the FFCF given in Eq. 1 (see below). The
viscoelastic theory shows (5) that this term is given by

by, [ ksT \'"
A, = ) 4)
h /A7 \3K,r,

where kg is Boltzmann’s constant, T is the temperature, 7 is
Planck’s constant, and the other parameters have been de-
fined above. Note that within this model, A, is not viscosity
dependent.

m=ag 5)
with
4G ..
=1+ . 6
=1+ ®)

G is the short-time (infinite-frequency) shear modulus.
The solvent’s viscoelastic behavior is characterized by a
decaying shear modulus G(7). However, for sufficiently short
times, G(#) can be approximated as G ... As an estimate K}, ~
K, and the Cauchy relation for simple solids is used (66),
G = (3/5)K . Therefore, a = 9/5. The central result is that
T, is linearly dependent on viscosity whereas A, is inde-
pendent of viscosity. Increasing the solvent viscosity reduces
the ability of the radius of the protein to change at a given
frequency. In the viscoelastic model, as the viscosity is in-
creased, the characteristic time associated with the decay of
the FFCF, 15, becomes longer. Fluctuations that at low vis-
cosity occurred within the time window of the experiment
(0—100 ps) are pushed to longer times, slowing the rate
of vibrational dephasing observed in the vibrational echo
experiment.

Biophysical Journal 92(10) 3652-3662



3658

Equation 5 suggests that at infinite viscosity, 7, would
become infinitely long, and no dephasing would occur in the
experimental time window. However, for sugar glasses the
solvent is completely fixed but the protein can still undergo
internal structural fluctuations that do not significantly change
the protein’s surface topology. The molecular origin of the
protein’s internal structural fluctuations have been charac-
terized recently by three-pulse vibrational echo experiments
on proteins in sugar glasses and MD simulations of H64V in
a static (0 K) TIP3P water solvent (26). The fluctuations that
remain even at ‘‘infinite’’ viscosity are very fast small am-
plitude local motions that give rise to a motionally narrowed
component of the FFCF, the second term on the right-hand
side of Eq. 1. These fluctuations occur at all viscosities and
do not contribute to the viscosity dependence. Therefore these
viscosity-independent fluctuations are subtracted from the
total dephasing rate to accurately determine how vibrational
dephasing depends on viscosity.

The nonexponential vibrational echo dephasing decay curve
for a particular T, can be characterized by a correlation time,
Te(m), as

. .
Tc(m) =7/ S(r;m)dr, @)

Smax (T5M)

where S(7;7) is the vibrational echo decay signal taken at
the center of the CO transition frequency as a function of
delay time 7 and at a fixed waiting time 7, and viscosity 7.
For a purely exponential signal, the correlation time reduces
to the exponential decay time constant. For nonexponential
decaying signals, the correlation time provides a convenient
measure of the characteristic vibrational echo decay timescale.
To obtain a pure viscosity-dependent correlation time related
only to the last term in Eq. 1, the dephasing from viscosity-
independent, i.e., fructose glass, fluctuations are subtracted
out. The reduced dephasing time, T¢-(7n), at finite viscosities
is given by

1 1 1
= - , 8
Te(m) Te(n= ) ®)

where Tc(m = o) is the dephasing time of the protein con-
fined in a fructose glass. The viscoelastic model predicts that
the reduced dephasing rate should scale as n]/ 3 which is the
result of the linear dependence of 7, on ) (5).

The viscosity-dependent reduced dephasing times for the
A state of MbCO are presented in Fig. 5 on a log plot. The
dephasing times obtained previously using two-pulse vibra-
tional echo experiments (5) are shown as circles, and the data
acquired here using stimulated vibrational echoes with T, =
2 ps are given as squares. On a log plot, a power law appears
as a line. The line is a power law fit to the data with the two
points at the lowest viscosities from the previous experiments
omitted from the fit because of insufficient time resolution
(~1 ps) in those experiments. The two highest viscosity
points were taken at low temperature with the influence of
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FIGURE 5 Logarithmic plot of the reduced correlation time as a function
of viscosity measured for the A, state of MbCO using two-pulse (circles) (5)
and three-pulse (squares) vibrational echo spectroscopy. The solid line is a
fit of the aggregate data to a power-law model. The power-law exponent is
0.26.

temperature removed (5). The fit yields an exponent of 0.26.
The reduced correlation times from three-pulse vibrational
echo experiments are in generally good agreement with the
two-pulse vibrational echo experiments measured previously.
It is noteworthy that the measured exponent, 0.26, is rel-
atively close to but not in agreement with the 0.33 exponent
predicted by the viscoelastic model.

The two-pulse vibrational echo is equivalent to the three-
pulse vibrational echo experiments conducted here, but with
T,, = 0. Therefore, the two-pulse vibrational echo can probe
the fastest protein dynamics but is unable to observe spectral
diffusion. In addition, the limited time resolution of the pre-
vious two-pulse experiments (~1 ps) reduced their applica-
bility to fast dynamics and low viscosities. The ~100-fs time
resolution (~150 cm ™' spectral pulse width) available in this
study can probe fast dynamics and the lowest viscosities. In
obtaining the A; reduced correlation times, the contribution
from the partially overlapping Aj state was removed using
the same procedure that has been applied in other studies of
MbCO (4,67). This procedure produced some uncertainty in
the A and Aj peak shifts, and they were not included in Fig.
4. However, T(.(n) is an integral of the vibrational echo
decay and was found to be insensitive to small changes in the
shape of vibrational echo decay curves.

Fig. 6 presents the reduced correlation times for the other
three proteins studied and the corresponding power law fits.
The HbCO and M61A reduced correlation times have power
law exponents of 0.1 and 0.13, respectively. These are sub-
stantially different from the 0.26 exponent found for the A,
line of MbCO. The H64V gave a power law exponent of
0.21, close to that of MbCO and may be within experimental
error. Although the actual dephasing times of H64V and
MbCO are substantially different, their viscosity dependences
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FIGURE 6 Logarithmic plots of the reduced correlation time for M61A
(triangles), HbCO (squares), and H64V (circles). The lines represent power-
law fits given: M61A power-law exponent 0.13; H64V power-law exponent
0.2; and HbCO power-law exponent of 0.1.

are found to be very similar. It has been demonstrated pre-
viously that in aqueous solution H64V undergoes slower
dephasing because of the removal of the distal histidine.
However, the global structural fluctuations of the two proteins
would be expected to be essentially the same. The similarity
of MbCO and H64V viscosity dependences is consistent
with there having the same structural fluctuation and that the
viscosity dependence is a result of global structural fluctu-
ations. In the case of myoglobin, a single point mutation in
the protein interior (H64V) is not sufficient to significantly
perturb the protein’s structural stability or interactions with
the solvent.

The results presented in Fig. 6 show that the viscoelastic
model’s prediction of a 0.33 exponent overestimates the
viscosity dependence of the protein dynamics. The model
captures the fact that the viscosity dependence is mild, but
the results show that there can be substantial deviations from
the n'* dependence. HbCO exhibits the weakest viscosity
dependence. We conjecture that this may be related to the
intraprotein cavity that can permit large-scale protein defor-
mations to persist even at the highest viscosities. Although
the surface topology of HbCO is constrained by the solvent,
the protein can continue to transiently occupy the intracavity
region. This conjecture could be tested by studying the vis-
cosity dependence of CO dephasing in HbCO with a small-
molecule affector, such as bezafibrate (BZF), introduced into
the protein cavity. M61A also displays a weak viscosity
dependence although not as weak as HbCO. Because M61A
belongs to a different class of heme proteins than the other
three proteins in this study, it is possible that the internal
rigidity of this protein differs from the other proteins. As a
result, the relevant structural dynamics are coupled differ-
ently to the surrounding solvent. This idea is supported in
the detailed analysis presented below by the fact that the
viscosity-dependent dynamics in M61A are in general larger
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in amplitude and slower than those of the other three proteins
studied.

The relationship between the vibrational dephasing rate
and protein structural fluctuations is highly nonlinear. A
weak viscosity dependence of T¢(n) may understate the
underlying influences on protein structural dynamics that are
caused by a change in viscosity. Structural rearrangements of
protein residues cause time-dependent fluctuations in the
transition frequency of the CO. The FFCF is a precise way to
characterize these CO frequency fluctuations. Although pro-
tein structural fluctuations evolve over a continuum of time-
scales, the FFCF organizes these timescales into a finite set
of fluctuation rates and relative amplitudes. The FFCF of
each protein at a given viscosity was obtained by simulta-
neously fitting the linear absorption spectrum and a family of
vibrational echo decays at several Ty, values at the spectral
center frequency, as described in the section ‘‘FFCF ex-
traction from vibrational echo data’’. The fits to the data used
to extract the FFCFs for each protein are very good. The fits
are shown in the Supplementary Material, Fig. S2.

In all four proteins at all viscosities, the FFCF was found
to contain a fast (sub-100 fs) process that is motionally
narrowed on the experimental timescales, and a slower (sev-
eral picoseconds) process that describes larger-amplitude pro-
tein fluctuations (26). The protein structural fluctuations that
give rise to the fast exponential in the FFCF are identified
with viscosity-independent protein fluctuations that persist
even for proteins in sugar glasses. We have earlier elucidated
the nature of these fluctuations through a combination of
vibrational echo experiments and MD simulations (26). These
fluctuations can be pictured as uncorrelated small-scale dis-
placements of protein atoms and small groups from their equi-
librium positions without significant deformations in the overall
protein structure. These processes are nearly uncoupled from
the solvent environment and are thus independent of solution
viscosity. They will contribute a viscosity-independent term
to the FFCF, which here we take to be the second term on
the right-hand side of Eq. 1. The viscosity-independent con-
tribution to the FFCF was obtained from fitting the vibra-
tional echo data for the proteins encased in a fructose film.
The sub-100-fs exponential dominates the FFCF. After the
viscosity-independent part of the FFCF was obtained from
the fructose-glass samples, it was not allowed to vary when
fitting the protein dynamics at all subsequent viscosities.
This procedure allows us to evaluate a reduced FFCF that
reflects only the viscosity-dependent contribution to the total
protein dynamics (in analogy to T¢(1)).

Fig. 7, a and b, display the magnitude, A,(7n), and
timescales, 7,(n), of the FFCF (Eq. 1). The motionally
narrow term in the FECF, Ajexp(—t/7), is independent of
viscosity. The data are presented for HbCO, M61A, and
H64V. The error bars indicate typical uncertainties in the fit
values. The uncertainty in the timescales of the protein fluc-
tuations increases at higher viscosities because the viscosity-
dependent part of the FFCF contributes significantly less

Biophysical Journal 92(10) 3652-3662
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FIGURE 7 The viscosity-dependent contribution to the FFCF for HbCO
(triangles), H64V (squares), and M61A (circles). (a) The amplitude of the
frequency perturbations A, and (b) the corresponding timescales over which
these fluctuations evolve, 7,. The error bars indicate typical uncertainties in
the fits. The data are presented on logarithmic scales.

to the overall vibrational echo signal than the viscosity-
independent component. As viscosity is increased, the mag-
nitude of the protein fluctuations (A,) decreases while the
characteristic timescale of these processes (7,) gets longer.
The vibrational echo detects structural evolution on time-
scales shorter than ~100 ps; slower process will appear as if
they are static in these experiments. The decrease in the mag-
nitude of A, and shift of these fluctuations to longer times is
consistent with an overall redistribution of the continuum of
protein dynamics to longer timescales. All three proteins
show a monotonic decrease in A, (the amplitude of the ob-
served viscosity-dependent fluctuations) that could be de-
scribed well by a weak power law with an exponent of 0.1 =
0.01. H64V and M61A also exhibit a mild, monotonic
lengthening of the timescale of frequency fluctuation. In the
case of HbCO, the timescale of fluctuations, 7, is unchanged
between ~10-1000 cP, within the relatively large ex-
perimental uncertainty. This is consistent with HbCO dynam-
ics being the least sensitive to viscosity. Vibrational echo
experiments examining the effects of confinement in a
nanoscopic water environment of MbCO and HbCO showed
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that HbCO dynamics were influenced substantially less than
the MbCO dynamics (59).

In the viscoelastic model describing the influence on the
vibrational echo observables of the viscosity dependence of
protein structural fluctuation, the magnitude of frequency
fluctuations (A,) in the FFCF is not dependent on solution
viscosity (see Eq. 4), but the characteristic timescale of the
fluctuations, 7,, scales linearly with viscosity (see Eq. 5)
(5,63). These predictions are in disagreement with the ex-
perimentally determined FFCFs components, A, and 75,
shown in Fig. 7. It is found that in the three proteins in which
the components of the FFCF were determined, the A, values
varied with viscosity in all three; 7, has a much weaker than
linear dependence, and for HbCO, may be viscosity indepen-
dent. Although the viscoelastic model does not reproduce the
quantitative trends observed in the experiments, it properly
predicts that the viscosity dependence of the protein dynamics
should be very weak. There were a number of simplifying
assumptions in the current form of the viscoelastic model. The
protein was taken to be a uniform breathing sphere charac-
terized only by K, the bulk modulus of the solvent was
ignored, and the infinite viscosity approximation to the shear
modulus was employed. It is possible that an improved vis-
coelastic theory would more accurately capture the experi-
mental results.

CONCLUDING REMARKS

Here we have examined connection between solvent viscosity
and protein structural fluctuations. The vibrational echo ex-
periments measure the vibrational dephasing of CO bound to
the protein active site, which is sensitive to the global struc-
tural fluctuations of the protein. Four heme proteins with
three different distal residues were studied over ~5 orders of
magnitude in solution viscosity. In all cases it was found that
the viscosity dependence was relatively weak over the time
window examined in the experiments, ~100 fs to ~100 ps.
The protein dynamics can be divided into two classes. One
type is ultrafast very local fluctuations that do not depend on
viscosity and remain at high viscosities and even persist in
sugar glasses. The other type is slower larger amplitude fluc-
tuations that require protein surface topology changes; these
are affected by viscosity. Increasing viscosity reduces the
presence of these larger amplitude fluctuations and lengthens
the characteristic timescale of the fluctuations in the time
window investigated. These results indicate that the fast
fluctuations are slowed and shifted to longer timescales. The
changes with viscosity are quite similar for the proteins
studied although the details of the actual fluctuation dynam-
ics vary among the proteins. In the context of the vibrational
echo experiments, increasing the viscosity shifts the fluctu-
ations to longer timescales, thereby moving them outside of
the experimental observation window where they become
contributions to the inhomogeneous broadened component
of the total line shape.
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The previous reported viscoelastic model was compared
in detail to the results of the current three-pulse stimulated
vibrational echo experiments. The viscoelastic model treats
the protein as a breathing sphere in a viscoelastic continuum
solvent. The model correctly predicts that the viscosity de-
pendence of the vibrational dephasing should be mild. This
may validate the basic idea that the viscosity’s influence on
protein structural dynamics occurs because of the resistance
of the solvent to changes in protein volume; the resistance
increases with increasing viscosity. Thus, the dynamics of a
protein are intimately coupled to the dynamical fluctuations
of the medium in which it is embedded. However, the
viscoelastic model does not reproduce the details of the ob-
servations. The lack of agreement may arise because of a
variety of simplifying assumptions that were made in the
development of the model. It is possible that a more detailed
viscoelastic model might reproduce the nature of the re-
sults reported here. Recent MD simulations (15,26,52) and
quasielastic neutron scattering experiments (16) have re-
ported a significant coupling between the solvent viscosity
and fluctuations of residues deep within the protein. The
vibrational echo results presented here give a detailed view
of how structural dynamics are influenced by changes in
viscosity. These results can serve as quantitative data to test
simulations and our overall understanding of protein dynamics.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting
BJ Online at http://www.biophys;j.org.
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