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ABSTRACT: Kramers rate theory is a milestone in chemical reaction research, but concerns regarding the basic understanding
of condensed phase reaction rates of large molecules in viscous milieu persist. Experimental studies of Kramers theory rely on
scaling reaction rates with inverse solvent viscosity, which is often equated with the bulk friction coeflicient based on simple
hydrodynamic relations. Apart from the difficulty of abstraction of the prefactor details from experimental data, it is not clear why
the linearity of rate versus inverse viscosity, k o 1", deviates widely for many reactions studied. In most cases, the deviation
simulates a power law k o 777", where the exponent #n assumes fractional values. In rate—viscosity studies presented here, results
for two reactions, unfolding of cytochrome ¢ and cysteine protease activity of human ribosomal protein S4, show an exceedingly
overdamped rate over a wide viscosity range, registering n values up to 2.4. Although the origin of this extraordinary reaction
friction is not known at present, the results indicate that the viscosity exponent need not be bound by the 0—1 limit as generally
suggested. For the third reaction studied here, thermal dissociation of CO from nativelike cytochrome ¢, the rate—viscosity
behavior can be explained using Grote—Hynes theory of time-dependent friction in conjunction with correlated motions intrinsic
to the protein. Analysis of the glycerol viscosity-dependent rate for the CO dissociation reaction in the presence of urea as the
second variable shows that the protein stabilizing effect of subdenaturing amounts of urea is not affected by the bulk viscosity. It
appears that a myriad of factors as diverse as parameter uncertainty due to the difficulty of knowing the exact reaction friction and
both mode and consequences of protein—solvent interaction work in a complex manner to convey as though Kramers rate
equation is not absolute.

I<ramers reaction rate theory is based on phenomenological
assumptions that the one-dimensional reaction coordinate
interacts with the invisible coordinates representing the
remaining degrees of freedom for both reactant and surrounding
particles, and the degree of the interaction is determined entirely
by the frictional damping rate. During the past 7S years since its
foundation,' Kramers theory has been extended to include many
spatial dimensions,” and to absolute zero temperature.” In their
authoritative review 25 years ago, Hangii et al.® have already
discussed the decisiveness and the impact of Kramers ideas in
classical and quantum regimes. Many fundamental experiments
involving subatomic systems and atom recombination reactions
in inert solvents have accurately reproduced Kramers rate
formula in both energy diffusion and activated diffusion-
controlled regimes straddled by the turnover region.

There has, however, been a pesky problem in how closely
condensed phase reaction rates for both small and large
molecules should follow Kramers rate equations. To exemplify
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the small-molecule case, the dependence of binaphthyl isomer-
ization rates on the shear viscosity of alcohols shows Kramers
scaling, but the rates of the same reaction in linear alkanes
indicate deviation.* Some other earlier investigations also found
reduced overdamping of the isomerization rate of trans-stilbene
versus alkane shear viscosity.>® With regard to protein and
enzyme reactions, numerous studies sought to examine the
extent to which the Kramers basic result, set as a rate—friction
inverse relationship (k o 1/, where the hydrodynamic
proportionality of solvent viscosity # and friction coeflicient y
is used), can be observed. These studies have generally
concluded that the rate—viscosity relationship holds as k & 7",
where the exponent 7 lies in the 0—1 bound for a variety of
reactions, including enzyme kinetics,” ' protein folding,”_23
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end-to-end intrachain looping in small peptides,** inter- and
intramolecular electron transfer processes,>>*° the photo-
dissociation rate in oxygen complexes of myoglobin and
hemerythrin,*”** ligand binding to myoglobin,*® and amide
hydrogen exchange in some proteins.**>> A recent single-
molecule study also finds a fractional viscosity exponent.*®
Taking all literature data at face values under experimental
conditions used, one might suppose that macromolecular
reactions are as overdamped as the Kramers equation would,
and underdamping in some cases could be due to a host of
factors, including characteristic equilibrium thermal fluctua-
tions,>* low-amplitude motions required for certain protein
functions,'>>° colored Gaussian noise,>® insufficient coupling of
the reaction site with the bulk solvent,>”*® and anomalous
internal friction.

Studies so far have scarcely revealed overdamping in excess of
what Kramers rate theory would allow, except for slowly
exchanging hydroogens in lysozyme for which the exponent n
approaches 1.4,>° and the rate of electron transfer from
cytochrome ¢ to P840 in the photosynthetic reaction center
where n is found to be 1.9 and 2.4 at 283 and 295 K
respectively.” Such extra overdamping is of interest, because it
implies operation of additional degrees of freedom for both
solute and solvent compared to the number produced by
diffusive fluctuations.

This work reports on the effect of glycerol-generated solvent
friction on the rates of three different protein reactions:
guanidinium-induced unfolding of cytochrome ¢, human
ribosomal protein S4-catalyzed cleavage of the peptide-Phe-
Arg|-fluorophore, and thermal dissociation of heme-bound CO
from nativelike cytochrome c¢. Data were collected repeatedly
over several years to provide us with sufficient confidence.
Whereas the rates for unfolding and enzyme reactions are found
to be exceedingly overdamped, the ligand dissociation reaction
can be modeled using Grote—Hynes (GH) theory.*’

B MATERIALS AND METHODS

Unfolding Reactions. The influence of solvent viscosity on
the conformational stability of cytochrome ¢ (Sigma, type VI)
was checked by GdnHCl-induced unfolding of the protein at
53% (v/v) glycerol and 15 mM sodium phosphate (pH 7), held
at different temperatures. Two stock solutions, both identical in
content of the protein (6 M) and glycerol [53% (v/v)], but one
containing 42 M GdnHCI and the other not, were mixed
appropriately to obtain protein samples whose denaturant
content varied from 0 to 4.2 M. The samples were equilibrated
at a given temperature (—0.5, 7.5, and 19 °C) for 6 h before
measuring fluorescence at the same temperature. The
fluorescence cuvette was thermostated at the same temperature.
Extreme care was taken to regulate the temperature from sample
incubation to emission measurement. Sample viscosity due to
both glycerol and GdnHCI at the temperature of measurement
was determined from standard tables and empirical rela-
tions.*' =%

Unfolding kinetics were studied by both manual and stopped-
flow mixing protocols. For manual mixing experiments, the initial
native protein solution (3 mg mL™") was prepared in 57.5% (v/
v) glycerol and 15 mM phosphate (pH 7). The unfolding buffer
solution contained the same volume of glycerol and 3.9 M
GdnHCl and was buffered identically. The unfolding run
consisted of incubating the native protein solution and the
unfolding buffer at a temperature in the range of —11.5 to 13 °C
for 2 h and diluting the former into the latter 61-fold to obtain ~4
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UM protein and ~3.8 M GdnHClI in the final unfolding milieu.
Stopped-flow experiments were conducted identically using 8-
fold dilution of the native protein solution. The denaturant
content in the unfolding buffer was adjusted to match the
conditions already employed in the manual mixing experiments.

The experiments were performed repeatedly using Fluorolog
and Fluoromax series of Horiba fluorometers and a SFM400
mixing module (BioLogic). Low-temperature experiments were
conducted by constant nitrogen purging in the cuvette chamber.
Typically, five to seven kinetic traces were averaged at each value
of solvent viscosity.

Human S4 Enzyme Kinetics. Recombinant human S4
(hS4) was produced as described previously,** and the steady-
state kinetic experiments involved measurement of the initial
velocity of hS4-catalyzed cleavage of the cysteine protease
synthetic substrate analogue Z-FR|-AMC (N-CBZ-Phe-Arg-
aminomethylcoumarin) by detecting the level of AMC released
with time. A typical reaction was initiated by injecting a 5 uL
stock solution of Z-FR|-AMC (1 mg/mL) into 400 L of a 3 uM
hS4 solution prepared in 20 mM Tris-HCl and 100 mM NaCl
(pH 7.6) containing glycerol (v/v). The enzyme:substrate ratio
is thus fixed at 1:6.7, the substrate concentration being 20 M. In
another set of experiments, the substrate concentration was
increased to 40 M. Even though the hS4 solution was already
equilibrated at 37 °C in the fluorometer cuvette and the addition
of the substrate solution did not change the temperature
appreciably, a half-minute period was introduced between
enzyme—substrate mixing and measurement of the time-base
fluorescence of AMC at 460 nm (360 nm excitation). Kinetics
were monitored using a Fluoromax 4P (Jobin-Yvon) or JASCO
FP-8300 fluorometer equipped with temperature controller to an
accuracy of +0.2 °C.

Measurement of Dissociation of CO from Nativelike
Ferrocytochrome ¢ (NCO). The details of this experiment have
been described previously.* Briefly, cytochrome c is unfolded in
10 M urea and 0.1 M phosphate (pH 7), reduced under nitrogen
by the addition of sodium dithionite to a final concentration of 2
uM, and liganded with CO by passing the gas gently into the
solution for 1 min. The CO-bound unfolded cytochrome ¢ is
then diluted 101-fold into the same buffer containing a desired
solvent additive, and the escape of CO with time is measured by
monitoring the optical density at 550 nm. In the experiments
presented here, CO dissociation was measured as a function of
two simultaneous solvent additives, urea in the range of 0—3 M
and glycerol in the range of 0—60% (v/v). All steps in the
experiment were conducted in a strictly anaerobic atmosphere at
25 °C. Peltier-thermostated UV-3101 PC (Shimadzu) and Cary
100 (Varian) spectrophotometers were used to record time-base
changes in optical density.

B RESULTS

The Cytochrome ¢ Unfolding Rate Is Exceedingly
Overdamped. To determine how closely protein unfolding
rate follows Kramers provision, the rate constant for the
unfolding of cytochorme ¢ was measured at 3.8 M GdnHCI in
the presence of a variable level of glycerol. The choice of these
experimental conditions relied upon no major change in the
conformational stability of cytochrome ¢ at a solvent viscosity of
up to ~29 cP (see below), complete unfolding of the protein
even at a very high level of the viscogen, and a single kinetic phase
for protein unfolding measured by stopped-flow or manual
mixing (Figure 1a,b). The results show that unfolding rate does
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Figure 1. Unfolding of cytochrome ¢ in 3.8 M GdnHCI and 15 mM
phosphate (pH 7). Shown are some kinetic traces obtained by (a)
stopped-flow and (b) manual mixing at the indicated values of glycerol
viscosity. Solid lines through data represent two-exponential fits, where
the minor phase that accounts for ~10% of the total amplitude is
included to improve the quality of fits. (c) Rate coefficient of the major
unfolding phase as a function of solvent viscosity. The solid line is the fit
to eq 2 with fit parameters C= 1.3 X 10" cPs™!, n=2.4,6= 5.3+ 0.4 cP,
and AG = 10.4 kcal mol™ (Table 1). Error bars were generated by
multiple repeats of experiments.

decrease with solvent viscosity # (Figure 1c), but only by a
deviation from that specified by the Kramers equation

(1)

where 7 is assumed to be proportional to friction coefficient y
(Stokes law) and parameter C contains the details of potential
energy surfaces for the native protein and the transition barrier of
height AG. The data in Figure 1c are simulated best by

{49
" (2)

where n is the solvent viscosity exponent and ¢ represents the
intrinsic viscosity for the protein. The fit yields C = 1.3 X 10'* cP
sL,n=24,06=53+04cP,and AG = 10.4 kcal mol™*, which are
also listed in Table 1. The value of n here is significantly larger
than fractional values (<1) reported earlier for diverse protein
reactions, including the folding of a helix-forming peptide,*®
ligand association and dissociation, enzyme catalysis, and cellular
secretion,”””*7*® and electron transfer reactions,”>*° suggest-
ing substantially larger overdamping for the unfolding of
cytochrome c. Interestingly, the value of the parameter o,
which could be identified with any nonsolvent frictional force, is
fairly consistent with that obtained by Ansari et al.*” in their study
of the effect of viscosity on the rate of protein conformational
changes. Although they did not include the exponent to the
solvent viscosity, this set of data does not fit a Kramers-like
equation should the exponent be excluded. It thus appears that
the unfolding rate is strongly overdamped by the solvent viscosity
when compared with results for the friction dependence of
various macromolecular reactions reported to date. The higher
damping here must reflect the effect of solvent viscosity on
barrier crossing rather than error in the determination of
unfolding rates, because the rate coefficients determined in the
range of —11 to 19 °C at different glycerol percents were
corrected for the Arrhenius activation energy to the reference
temperature of 10 °C.

There remains a concern if the viscogen increases the
conformational stability of the protein, in which case the
retarded unfolding cannot be attributed entirely to the viscosity
effect. GdnHCl-induced equilibrium unfolding experiments in
different glycerol/water mixtures have not revealed a sweeping
change in the value of AG at solvent viscosities of percent (Figure
2). Experiments at still higher viscosities are precluded by the
limit of the denaturant solubility in a water/glycerol mixture, but
the surmised stability increase of cytochrome ¢ in going from 1 to
100 cP viscosity is roughly 4 kcal mol™'. Although the
significance of this change in the overdamped unfolding may
appear uncertain at present, it is instructive to note that the
unfolding rate in the range of 90—100 cP would have to increase
by ~2 orders of magnitude from what is reported here (Figure

Table 1. Fit Parameters to Kramers-like Equations for Different Systems in This Study

C (x107°cps7h)

unfolding of cytochrome ¢ 1.30
hS4 enzyme reaction 0.12
[urea] (M) 0,0, (X107 s72)
CO dissociation 0.0 12
0.4 11
0.8 9.2
1.2 11
1.6 11
2.0 10
24 19
2.8 90
3.0 89
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n o (cP) AG (kcal mol™)
24 +02 5.3 +04 104 + 1
21+02 21+03 15.6 +1
A (x107% s71) B (x107° cP s7h) AG (kcal mol™)

9.4 1.8 12.6
8.5 1.9 12.5
13 2.9 12.7
25 8.0 132
31 8.5 13.4
33 7.0 13.4
20 53 13.6
12 4.0 13.5
22 9.9 13.2

DOI: 10.1021/acs.biochem.5b00315
Biochemistry 2015, 54, 4453—4461


http://dx.doi.org/10.1021/acs.biochem.5b00315

Biochemistry

18 T IQOI T ] T T T T | T T T T | T T
L =60 |
~ 153 -
) I o®® 7
£ F 0o 1 2 3 B
_ L GdnHCI (M) _
8 12
= = _
-’ //
b - _ — -
< 9 - -
hj//n 7
3 S S R EAE SR B
0 10 20 30

Solvent Viscosity, n (cP)

Figure 2. Stability of cytochrome ¢ at different solvent viscosities
produced by 53% glycerol at 19, 7.5, and —0.5 °C, pH 7, and 15 mM
phosphate. Data shown as empty squares are taken from ref 38. The
broken line through data points has been drawn by using the rational/
empirical function (1 + 0.0373x)/(0.13 + 0.0022x) and hence may not
provide a physical meaning. The inset shows the equilibrium melting
transitions monitored by tryptophan fluorescence at solvent viscosities
of 10.5 (@), 18.4 (O), and 28.9 cP (gray circles). Solid lines represent
fits according to a two-state transition with polynomial baselines.

1c) if the viscosity exponent # has to approach unity. Such a huge
difference is highly unlikely, and hence, the n value is expected to
remain much larger than 1. An earlier study at 25% glycerol and
283 K (3.4 cP) also did not find any considerable effect of
viscogen-induced stability on the folding rate of cytochrome ¢.**

Higher Overdamping in the Cysteine Protease Activity
of Ribosomal Protein S4. In this set of experiments, human
ribosomal protein S4 (hS4) that has been recently described as a
cysteine protease**® was allowed to cleave the synthetic
substrate Z-FR|-AMC (N-CBZ-Phe-Arg-aminomethylcoumar-
in) at different glycerol contents in 20 mM Tris-HCl and 100
mM NaCl (pH 7.6) at 37 °C. The substrate concentration in
these experiments was 20 uM, which is nearly equal to the
reported K, value of 19.8 uM.** Experiments at a later stage were
also performed using 40 uM substrate. The appearance of the
profile for the solvent viscosity dependence of the initial velocity
(vo) for the substrate cleavage by hS4 at a constant
enzyme:substrate ratio (Figure 3) is similar to that for the
viscosity dependence of cytochrome ¢ unfolding (Figure 1), and
the same Kramers-like empirical relation (eq 2) fits the data best.
The catalysis reaction

k ky
E+S—=[ES] 3E+P

k_y

where E, S, and [ES] are the enzyme, substrate, and enzyme—
substrate complex, resopectively, is consistent with the Michaelis—
Menten mechanism.*® Values of parameters fit to data in Figure 3
(Table 1) do not provide information about the shape and size of
the transition barrier for the rate-limiting step (k, & k) in a
straightforward manner. The magnitude of the C value, which is
small here, is independent of the solvent friction and is related to
detail of the potential energy surface. More importantly, the
exponent for the bulk viscosity (n = 2.13) is considerably larger
than the 0—1 bound reported by many viscosity dependence
studies of enzyme catalysis,”*'*™"> suggesting stronger over-
damping of k). The n > 2 result is consistently obtained in all
experiments performed under the condition of [S] > K|, (Figure
3).

The CO Dissociation Rate in Nativelike Cytochrome ¢
Appears To Reach Saturation at Higher Viscosity. This
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Figure 3. Catalysis by human ribosomal protein S4 (hS4) of the
hydrolysis of Z-FR|-AMC at 37 °C in 20 mM Tris-HCl and 100 mM
NaCl (pH 7.6) or 40 mM sodium phosphate and SO0 mM NaCl (pH 7.4).
The enzyme:substrate ratio is 1:6.7 when the substrate concentration is
20 uM and 1:13.4 when 40 uM substrate is used. (a) Examples of time-
base traces showing the cleavage of the substrate peptide Z-FR|-AMC
monitored by the fluorescence of the released AMC group at the
indicated values of solvent viscosity. The slope obtained from the initial
part of the trace provides the initial velocity (v,) of catalytic cleavage. (b)
Solvent viscosity dependence of v, for [S] =20 M (O) and [S] =40 uM
(gray circles). Data are fitted to eq 2 with parameters C = 1.22 X 10° cP
s, n=21306=209 + 02 cP, and AG = 15.6 kcal mol™.

experiment is different from the two described above and
involves direct measurement of the thermal dissociation of CO
bound to the ferrous heme of cytochrome c. Briefly, CO is not a
natural ligand for cytochrome ¢ heme, but when CO-bound
nativelike cytochrome ¢ (cyt-Fe**-CO) is prepared by allowing
the CO-liganded unfolded protein to refold, the trapped CO
escapes due to thermally activated dissociation of the Fe**—CO
bond (cyt-Fe?*—CO — cyt-Fe** + CO). The CO dissociation
rate, kg, can be determined from time-base absorbance
measurement at 550 nm, which is the A, for cyt-Fe**—CO
(Figure 4a). The experiment presented here measures the
solvent viscosity dependence of k4, for differently native states of
CO-bound cytochrome ¢ prepared by including low levels of urea
in the refolding buffer. The urea variable was introduced to learn
more about dynamics and the conformation of subdenatured
states.

Figure 4b shows a decrease in kg, with increasing values of
both variables: solvent viscosity and urea concentration. The
logarithmic plot of kg, and solvent viscosity at all concentrations
of urea shows an initial decrease that tends to level off at higher
viscosities (Figure 4c). This behavior, which is quite different
from the two sets of results presented above (Figures 1 and 3),
has been described previously for the folding of nativelike cyt-
Fe?*—CO by laser photolysis of the CO ligand,® and the analysis
is based on the idea of frequency-dependent friction due to Grote
and Hynes in conjunction with defect diffusion dynamics.>”*°
Briefly, the Langevin equation is generalized by replacing the
constant friction in the Stokes law with time-dependent friction,
and the random force autocorrelation function is factored into
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Figure 4. Thermal dissociation of CO according to cyt-Fe**—CO — cyt-
Fe’* + COin 0.1 M phosphate buffer (pH 7) at 25 °C, as described in the
text. (a) The reaction is monitored by time-base 550 nm absorbance due
to cyt-Fe?*. The traces at indicated values of solvent viscosity are fitted to
a single-exponential function to extract the rate of CO dissociation, k.
(b) Variation of kg as a function of two simultaneous variables, solvent
viscosity and urea. (c) The behavior of kg as a function of solvent
viscosity is shown for several subdenaturing concentrations of urea (0,
0.4,0.8,1.2,1.6,2.0,2.4,2.8, and 3.0 M) in order of decreasing k. Solid
lines through data are calculated according to eq 3 derived using GH
theory in conjunction with internal dynamics of the protein.

solvent-dependent global fluctuations and solvent-decoupled
local modes relevant for the CO dissociation process.””** The
global motions are still assumed to follow Kramers-like behavior.
T};g final expression for the observed dissociation rate works out
to

~ 328 X 1000,

A+ B/n AG ]
kdiss

el (2)] ew(m()
3

)
where @, and @, are frequencies of the reactant well and the
barrier, respectively, A, is the unstable reactive motion at the
barrier, B (~kgramgrs?) represents the product of the over-
damped Kramers rate and solvent viscosity 7, and yyp, is related to
the diffusion coefficient for the solvent-independent local modes
involved in the reaction. The yp dependency of the fit is
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conditional, because it is connected with global fluctuation and
reactive frequency. A lower limit of 10 ns has been assumed for
1/yp.>® Fits to the 57 dependence of ky, at all urea concentrations
are shown in Figure 4¢, and parameter values are listed in Table 1.

While a general deviation of 5 dependence of kg, from
Kramers rate theory can be concluded clearly from results up to
this stage, urea-dependent variations of the model-related
parameters provide further information. Figure Sa presents kg,
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Figure S. Protein stabilization by subdenaturing levels of urea and 0.1 M
phosphate buffer (pH 7) at 25 °C. (a) Urea dependence of kg, under
isoviscous conditions. Lines with decreasing ordinate values correspond
to 2.1, 2.5, 3.1, 42, 5.7, 7.5, and 104 cP, in order. (b—e) Urea
dependence of fit parameters @,®,, A, B, and AG for thermally activated
dissociation of CO in the reaction cyt-Fe?*~CO — cyt-Fe** + CO. The
value of w,®, is nearly constant (the crossed diamond is an outlier), but
the trend of urea-dependent variation of A, B, and AG is similar. The
variation of AG indicates initial energetic stabilization of the protein up
to ~2 M urea. At still higher urea concentrations, the denaturing effect of
urea sets in, causing a decrease in barrier height AG. (f) Possible
explanation for the urea-dependent change in AG. Although solvent
viscosity leaves the barrier height and frequency unchanged, urea-
mediated intraprotein cross-linking lowers the free energy of the
reactant (black to gray), so as to increase AG.

versus urea under several isoviscous conditions, where the
gradient (Okg,/0[urea]), appears to be constant within error,
suggesting that the structure of the transition state for CO
dissociation [cyt-Fe2+—CO:|¢ is not altered by glycerol viscosity.
The frequency parameter @, is insensitive to the presence of
the denaturant urea in the reaction (Figure Sb), but model
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parameters A, B, and AG follow the characteristic trend of a
broad peak near 2 + 0.5 M urea (Figure Sc—e). Of particular
interest is AG versus urea (Figure Se), because it pertains to
energetic stabilization of the protein by the denaturant. Because
glycerol presumably does not perturb the transition state (Figure
Sa), the observed urea-dependent changes in AG must be due to
vertical shifts of the reactant surface (Figure 5f). Binding of urea
to the protein mediates intraprotein cross-links that stabilize the
protein within the subdenaturing limit, but at still higher levels of
the denaturant, its effect on protein structure unfolding sets in.
This inference is consistent with the earlier report of protein
stabilization by subdenaturing levels of urea.**"** We have
refrained from interpreting the urea dependence of barrier
parameters @@y, B (~kgramers??), and 4,, because they cannot
be interpreted in a straightforward manner, but trends of their
variation with urea indicate the robustness of the analysis.

B DISCUSSION

Higher Overdamping. The version of the empirical
equation used here to describe the dependence of protein
unfolding and enzyme reaction rates on effective viscosi
includes both the exponent # of the solvent’s d}rnamic viscosity”
and nonsolvent viscosity contribution 6.*> The n values
determined for unfolding and enzyme reactions are at least 2-
fold larger than the 0—1 range suggested earlier for a variety of
reactions, including enzyme catalysis,’ ~'® which means the
degree of overdamping can be much higher than what has been
perceived so far. This is not a trivial result, because neither
phenomenological explanations of data*® nor GH theory™
allows the n value to exceed unity. Incomplete coupling of the
protein interior with the solvent viscosity is generally thought to
give rise to fractional viscosity exponents observed empiri-
cally,>*** and the maximal value for the exponent has been
projected to be ~0.8.>** The GH theory at the high-friction
limit also finds a weaker dependence of the reaction rate on
viscosity than what the Kramers equation predicts,*’ even though
the theory does not directly invoke a fractional exponent to
viscosity in the rate expression.

There is no theory at present to account for overdamping in
excess of that permitted by the Kramers equation. On a
qualitative note, the conditions of the stable-state picture (SSP)
of chemical reactions® can be examined for some clues. SSP
holds that the internal rate constant for equilibration of the stable
reactant is larger than the barrier rate constant, and because the
latter is rate-limiting, it is identified as the true reaction rate
constant. In cases in which the rate constant for internal
equilibration becomes smaller than the barrier rate constant, the
observed rate constant for an irreversible reaction like the protein
unfolding or the enzyme reaction is given by*’

4)

where k; is the rate constant for over-the-barrier loss of the
activated state and kp is the relaxation rate constant that
determines internal equilibration of the reactant. If the protein in
the stable reactant side of the column becomes dynamically
sluggish because of interaction with glycerol, then the condition
of kg < kewill hold. The value of kg will continue to diminish with
larger increments of the viscogen. The observed reaction rate is
now determined not only by the passage of the activated state
over the barrier alone but also by the internal relaxation rate
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within the reactant state. This in fact may be the case for many
protein reactions in the presence of a large amount of glycerol,
which can turn the protein exceedingly sluggish. A version of this
argument is also found in the study of the viscosity dependence
of myoglobin conformational chan§e, where the conformational
substates are thought to be frozen.”

With regard to higher overdamping in the case of hS4-
catalyzed hydrolysis of Z-FR|-AMC (Figure 3), the structural
features of the protein may also play a role. Enzyme hS4 itself is
intrinsically disordered, the N-terminal domain in particular.
Conformational disorder is recognized from our current
difficulty of obtaining the NMR structure of full-length hS4,
consistent with the earlier reé)ort of the solution structure of a
truncated eubacterial $4.°° Dynamic disorder and large
amplitude fluctuations, which are characteristics of intrinsically
disordered proteins,>’ > are suspected to produce larger chain
solvation and dynamic constraints on the reactant [ES] so as to
reduce the rate constant for internal relaxation (kg). The
possibility of this factor contributing to extra overdamping is
consistent with the general thought that the response of enzyme
reaction rates to solvent viscosity is dependent on internal
dynamics and viscosity-dependent structural fluctuations of

7,34,47,60—62
enzymes.

In the context of overdamping results, two factors vis-a-vis
properties of glycerol warrant a discussion. One, glycerol is a
tremendous viscogen whose presence at high concentrations and
low temperatures can affect the folding and conformational
stability of the protein in a rather complex manner. While
glycerol stabilizes by preferential hydration of proteins,®® a low
temperature destabilizes by cold denaturation, and manifes-
tations of the two counteracting effects individually or in
combination vary in a protein-dependent manner. The protein
may not be largely cold-denatured at temperatures near 263 K as
is the case here, but the destabilization at low temperatures may
be compensated partly or wholly by stabilization due to glycerol.
Existing evidence does not suggest overwhelming stabilization of

ochrome c at moderately high glycerol concentrations (Figure
2).2%3 Two, the high value of viscosity exponent 7 and hence
overdamping might also seem to imply that the experimental
results are due to nonequilibrium effects if the relaxation time of
glycerol is longer than the measurement time. High concen-
trations of glycerol, much higher than those used in experiments
described here, supercooled to temperatures approaching the
glass transition (~200 K) do show extremely slow heterogeneous
relaxation,®* but the pattern of temperature dependence of the
average rotation time reported by Zondervan et al.** suggests
that glycerol under temperature conditions of the present study
would relax faster than the experimental measurement time.
Even if granted, these apparent caveats due to high glycerol and
low temperature do not negate the general overdamping result
presented in this work. To justify, the hS4 enzyme reaction has
been studied in a glycerol/water mixture merely up to 50% and at
the physiological temperature of 37 °C (Figure 3). These are
simple and benign conditions under which difficulties arising
from high glycerol and low temperature are encountered little,
yet the dependence of the initial velocity (v,) in the solvent
viscosity range of 0.8—5.5 cP is highly overdamped (n = 2.13).

Rate Saturation at Higher Viscosity. Regardless of
whether reactions are exceedingly overdamped, the general
inverse rate—viscosity dependence means the reaction ceases to
occur at infinite viscosity. On the contrary, the rate of the
thermally activated dissociation of CO from nativelike
cytochrome c is saturated at higher viscosity (Figure 4). This
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behavior has been observed also in past studies of photo-
isomerization of trans-stilbene,”® reactions of CO and O, from
within the myoglobin matrix,””*” and the folding of a frustrated
nativelike ferrocyotchrome ¢.>*

This kind of deviation from the Kramers equation that seems
to arise when the time between successive solute—solvent
collisions in the barrier region is comparable with the barrier
crossing time of the activated protein has been analyzed using the
GH model. The model invokes a frequency-dependent friction to
describe the correlation between random forces of the solvent
and provides a reactive frequency A, that represents the unstable
reactive motion in the barrier region. Consistent with this idea,
the viscosity dependence of ligand dissociation kinetics of
myoglobin®” and folding of nativelike cytochrome ¢** have been
analyzed to show that the rate saturation occurs at high viscosity,
because A, exceeds in magnitude the global fluctuation of the
protein. The same model (eq 3) has been used to analyze the
present set of data that reproduces the rate saturation at high
solvent viscosity. Calculations have also shown that the
hindrance to barrier passage in the low-viscosity regime where
global fluctuations are fast is due to the usual friction, but
stronger memory effects in the higher-viscosity region hinder the
escape over the barrier.”> The model thus associates the high-
viscosity rate saturation with stronger non-Markovian diffusion
effects, which is a basic assumption in GH theory.* It follows
that the barrier top is relatively sharp in this case, contrasting the
impression of flat barriers for the strongly overdamped cases of
cytochrome ¢ unfolding and hS4-catalyzed reaction. This
conjecture is based entirely on the observation of the weak
dependence of the rate on viscosity, which means a shorter
transit time over the barrier. It is acknowledged that under-
standing the details of barrier potentials in diffusion-dependent
intramolecular activated processes is a long-standing problem,
and analyses often lead to physically unreasonable barrier
pictures.3’6

Solvent Viscosity Does Not Change the Barrier
Properties. In the barrier region, the solvent friction influences
only the motion of the activated state so that barrier recrossings
are committed. The barrier parameters, including shape and
height, are not altered. Therefore, if the rate coeflicient is a
continuous function of both viscosity and another variable
(Figure 4b) where the latter affects the rate independently, the
rate—variable gradient will not change under different isoviscous
conditions. In CO dissociation experiments presented here
(Figures 4 and Sa), the viscogen does not influence the
mechanism by which urea exerts a slowing effect on the rate of
CO dissociation.

Urea Influences the Rate of CO Dissociation by
Modulating the Internal Dynamics of the Protein.
Subdenaturing amounts of chemical denaturants stabilize
proteins mainly through polyfunctional binding interac-
tions,*>1%7% which serve to cross-link different parts of the
backbone and side chains leading to dynamic stiffness and greater
internal friction.”' The overall effect is fewer intramolecular
thermal collisions, and hence a decrease in the rate of thermally
activated dissociation of CO observed in rate—urea profiles
under isoviscous conditions (Figure Sa). However, the Kramers-
like dependence of the rate coefficient on viscosity (Figure 4c)
reflects the influence of friction on both global fluctuations and
the coupling of the local—global fluctuations in the barrier region.
This is indeed true; however, to appreciate the magnitude of the
observed rate constant, one needs to consider the process of
reactant activation, as well. To do so, we again invoke SSP under
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the condition kp < k; for the irreversible process cyt-Fe**—CO
— cyt-Fe** + CO (eq 4). Because internal dynamics and hence
internal equilibration rates are scaled by the degree of urea-
mediated cross-linking within the reactant cytochrome ¢
molecule, the k;>> ky condition prevails, and hence, an increase
in the urea level within the subdenaturing limit decreases the rate
of CO dissociation.

Denaturant-Altered Barrier Heights Can Be Deter-
mined by Kramers-like Analysis. Whereas solvent viscosity
does not affect the transition barrier, chemical denaturants can
independently alter the barrier height along the reaction
coordinate. Kramers-like rate analysis under such two-variable
conditions can provide some information about the effect of
denaturant on barrier height even though the barrier properties
are left unchanged by the bulk friction variable (Figure Sa). To
illustrate, the barrier height (AG) for the reaction Fe**—~CO —
cyt-Fe*" + CO increases with the denaturant up to ~2 M urea and
declines at higher levels (Figure Sef). The initial rise is within
subdenaturing amounts of urea and is due to the protein
stabilizing effect of the denaturant that shifts the reactant well
vertically. The decrease in AG at higher urea concentrations
(Figure Se) is due to protein destabilization and unfolding.“s’51

Deviation of Results from Kramers Rate Theory. One
often comes across expressions referring to whether Kramers
theory can be applied to condensed phase reactions. This need
not be a question, because most of the theoretical framework has
already been laid out for understanding thermally activated
reactions,” and no modification to Kramers equations appears
necessary.'¢ Here, we provide evidence of critical overdamping in
the cases of protein unfolding and enzyme reactions and have
invoked the GH idea of frequency-dependent friction to deal
with a special case of ligand dissociation. The basic problem in
experimental work of condensed phase macromolecular
reactions is the difficulty of knowing the actual reaction friction,
which will have contributions from solvent, cosolvent, and the
reactant itself. Concerns regarding replacement of friction with
viscosity in experimental studies of Kramers theory have been
raised by many from time to time.***””° The friction intrinsic to
the reactant also surfaces in a different guise.”>**”" There could
also be a concern for the modulation of the activation barrier by
solvent density. The degrees of freedom representing the heat
bath for energy dissipation can vary largely from system to
system, depending on solute—solvent, solute—cosolvent, and
solute—solute interactions. These difficulties are not confined to
experimental studies alone; they are faced in theoretical and
numerical analyses, as well> Experiments to this end are
performed with many-body interactive systems, and rate—
viscosity results are weighed with the theory of an activated
particle subjected to dissipative escape as envisaged by Kramers.
It is this practical chasm between theory and experiments that
produces the apparent inconsistency between the two yet makes
the world of macromolecules a wonderful place in which to dwell.
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