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Diffusional Barrier in the Unfolding of a Small Protein
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To determine how the dynamics of the polypeptide chain in a protein
molecule are coupled to the bulk solvent viscosity, the unfolding by urea of
the small protein barstar was studied in the presence of two viscogens,
xylose and glycerol. Thermodynamic studies of unfolding show that both
viscogens stabilize barstar by a preferential hydration mechanism, and that
viscogen and urea act independently on protein stability. Kinetic studies of
unfolding show that while the rate-limiting conformational change during
unfolding is dependent on the bulk solvent viscosity, n, its rate does not
show an inverse dependence on 1, as expected by Kramers’ theory. Instead,
the rate is found to be inversely proportional to an effective viscosity, n + €,
where § is an adjustable parameter which needs to be included in the rate
equation. § is found to have a value of —0.7 cP in xylose and —0.5 cP in
glycerol, in the case of unfolding, at constant urea concentration as well as
under isostability conditions. Hence, the unfolding protein chain does not
experience the bulk solvent viscosity, but instead an effective solvent
viscosity, which is lower than the bulk solvent viscosity by either 0.7 cP or
0.5 cP. A second important result is the validation of the isostability
assumption, commonly used in protein folding studies but hitherto
untested, according to which if a certain concentration of urea can nullify
the effect of a certain concentration of viscogen on stability, then the same
concentrations of urea and viscogen will also not perturb the free energy of
activation of the unfolding of the protein.
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to that of solvent molecules, and several studies
have investigated how friction between the poly-
peptide chain and solvent molecules modulates the
passage of protein molecules over the rate-limiting
barrier.””'® The motions of different segments of the
polypeptide chain may also be coupled to each other

Introduction

The processes of protein folding and unfolding are
transitions between an extended unfolded state and
a compact native state, and hence, must involve
substantial diffusive motion of the polypeptide

chain. During folding, large-scale d1ffu51ve motion
occurs during the initial collapse event'™ that
greatly reduces the conformational space accessible
for the polypeptide chain to explore. The diffusive
motion of the polypeptide chain is expected to
continue as the polypeptide chain surmounts the
largely entropic barrier that slows down a protein
folding or unfolding reaction. The diffusive dynam-
ics are expected to be dampened by hydrodynamic
coupling of the movement of the polypeptide chain
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during passage over the energy barrier, especially
when the chain is transiting between compact
partially structured intermediate forms'® or when
the protein molecule is substantially compact while
crossing the energy barrier. Such coupling can give
rise to significant internal friction capable of slowing
down the structural transition. Even in the absence
of a significant energy barrier, which may be true for
polypeptide chain collapse durmg folding™ friction
between chain and solvent is expected to play a
dominant role in determining the speed of the
folding or unfolding reaction. Hence, it is critical to
understand better the role of friction in controlling
the speed of protein folding or unfolding.

Much of the investigation of the role of friction du-
ring protein folding and unfolding has been based on
examining the effect of solvent viscosity on the rates
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of the structural transitions, and analyzing the effect
using Kramers' theory.”’** Kramers' theory des-
cribes the crossing of the energy barrier, the transition
state, as a diffusive process, dictated by Brownian
motion of the chain as a result of collisions with
solvent molecules. Standard transition state theory, in
which solvent dynamics play no part, postulates that
when a protein molecule is poised at the transition
state, it will necessarily proceed in the forward
direction, even though the theory itself is based on
the establishment of a quasi-equilibrium between the
ground and transition states. On the other hand,
Kramers’ theory assumes that barrier crossing occurs
through Brownian motion of the polypeptide chain;
hence, the barrier can be crossed several times during
the transition when friction is high. Consequently,
Kramers’ theory predicts that the rate of a protein
folding or unfolding reaction should scale inversely
with friction with the solvent, and hence, on solvent
viscosity, provided that the internal friction of the
protein chain remains small in comparison. This
prediction by Kramers’ theory is met in the case of the
folding and unfolding reactions of a few proteins,*>?°
while for other proteins''*'®*” modifications of
Kramers’ theory work well in describing the effect
of change in solvent viscosity on folding or unfolding
kinetics.

In experimental studies of the effect of viscosity on
folding or unfolding kinetics, viscosity is typically
varied by the addition of a co-solvent (viscogen)
such as sucrose, xylose, glycerol or glycols. But
visocogenic additives increase not only the solvent
viscosity but also protein stability.*® This compli-
cates analysis because the increase in stability will
correlate with an increase in folding rate and/or a
decrease in unfolding rate. Hence, the stabilizing
effect will counteract any effect of viscosity during
folding, and enhance any effect of viscosity during
unfolding. This problem is circumvented typically
by measuring the viscosity dependence of the
folding/unfolding kinetics under conditions that
confer identical stability, that is, under isostability
conditions, which are achieved by adding a dena-
turant to neutralize the stabilizing effect of the
added viscogen. Formal validation of the isostability
approach remains, however, to be established for
any protein. This is important to do because even
though it continues to be utilized in studies of the
effect of viscosity on the folding of proteins,'"'” the
validity of the isostability approach has been
questioned.'® Validation of the isostability approach
is important also because many aspects of the effect
of a change in viscosity remain unexplained.'"'*'*”
For example for some proteins, the ratio of the
relative unfolding or refolding time constant in the
presence of viscogen to that in its absence, /7o,
does not scale linearly with the relative solvent
viscosity, n/mg, with a slope of unity. In such cases,
extensions, largely empirical, of Kramers’ theory
have been used to describe the data.'®

Here the effect of viscosity on the unfolding of the
small, single-domain protein barstar has been
studied. Barstar functions as the natural inhibitor

of barnase in the bacterium Bacillus amyloliquefaciens,
and its folding and unfolding pathways have been
studied extensively."*° To find out whether the
unfolding of barstar is limited in rate by chain
diffusion through the solvent, the dependence of the
solvent viscosity on its unfolding kinetics has been
measured at fixed concentrations of denaturant, and
also under isostability conditions, using xylose and
glycerol as viscogens.

It is shown that denaturant and viscogen act
independently on protein stability, and the depen-
dences of protein stability as well as unfolding rate
on denaturant and viscogen concentration have
been determined. The unfolding rate of barstar is
decelerated significantly in the presence of xylose
and glycerol. 7/7 is found not to vary linearly with
n/mo when xylose was used as the viscogen. The plot
of T/7q versus m/ng is linear when glycerol is used as
the viscogen, but the slope is not equal to 1. It
therefore appears that the protein motions during
the rate-limiting step of unfolding are not dampened
by the bulk viscosity, but by an effective viscosity
that is significantly less than the bulk viscosity, by
different amounts for the different viscogens used. It
has been possible to validate the basic tenet of the
commonly used isostability approach, that a mutu-
ally nullifying effect of viscogen and denaturant on
native state stability occurs in concert with a
mutually nullifying effect of viscogen and denatur-
ant on transition state stability.

Results

Stabilizing effect of xylose and glycerol on
barstar

Xylose and glycerol not only increase the viscosity
of the solvent, but they also stabilize barstar. Urea-
induced unfolding transitions of barstar were
carried out in the presence and absence of xylose
(in the range of 0-1 M) and glycerol (in the range of
0-24%), using tryptophan emission at 320 nm as the
global probe. The data were fit to equation (6)
assuming a two-state N < U transition. Figure 1
shows the dependence of AG{#, mS and C,, on the
concentration of xylose and glycerol. The free energy
of unfolding is seen to increase linearly from a value
of 4.9 kcal mol ' in the absence of viscogen to a
value of 5.9 kcal mol ™! in 1 M xylose, and to a value
of 7.2 kcal mol ! in 24% glycerol (Figure 1(a) and
(d)). The midpoint of the unfolding transition of
barstar increased from 4.1 M urea in the absence of
viscogen to 5.0 M urea in the presence of 1.0 M
xylose, and to 6.15 M urea in the presence of 24%
glycerol (Figure 1(c) and (f)). The value of my is
—1.185 kcal mol™" M ™! in the absence of viscogen,
and remains unchanged with the increase in
concentration of xylose or glycerol (Figure 1(b) and
(e)): the values at all concentrations of xylose and
glycerol are within three standard deviations of the
value obtained in the absence of an additive, in
support of the assumptions made in equation (5).
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The observation that the value of my, is not affected
by the presence of xylose or glycerol suggests that
the urea and either viscogen act independent of each
other. The linear dependence of the free energy of
unfolding on the concentration of xylose and
glycerol was fit to equatlon (4), which yielded a
value of 1.06 kcal mol ' M™! for mv (xylose) and a
value of 0.096 kcal mol™ 1% for mY; (glycerol). This
increase in stability has to be considered while
analyzing the retardation of the unfolding rates by
xylose and glycerol.

Dependence of the solvent viscosity on xylose
and glycerol concentrations

The viscosities, n, of solutions containing xylose in
the concentration range of 0 to 2 M, or glycerol in
the concentration range 0 to 30% are plotted against
the respective viscogen concentration in Figure 2
and the data fitted to equation (7). The dependence
of solvent viscosity on viscogen concentration fits to
a simple exponential functlon with an exponential
coeff1c1ent of 0.42 M ! for xylose (Figure 2(a)) and
0.033% ! for glycerol (Figure 2(b)). The dependence
of solvent viscosity on xylose concentration in the

[Glycerol] (%)

12 16 20 24 and the continuous line through

the data in (f) is described by,
Cun(glyceroy =4.1+0.085[glycerol].

presence of 7.2 M urea (unfolding condition) also
fits to a simple exponential function (equatlon (7)),
with an exponential coefficient of 0.55 M~ (inset,
Figure 2(a)).

Increase in xylose concentration decelerates the
unfolding of barstar

Figure 3 shows the kinetics of unfolding of barstar
in 7.2 M urea measured by fluorescence at 320 nm,
as a function of xylose concentration. The entire
process of unfolding is observable at any xylose
concentration, and the fast unfolding rate constant
decreases with an increase in the concentration of
xylose (Figure 3(a)). When unfolding is carried out
in <0.5 M xylose, the unfolding kinetics are
described by a single-exponential equation, because
the final unfolding condition (7.2 M urea) lies in the
post-transition zone of the equilibrium unfolding
transitions in the presence of <0.5 M xylose. The
kinetics of unfolding in >0.6 M xylose, are described
by a two-exponential equation (equation (8)),
because equilibrium unfolding transitions in the
presence of >0.6 M xylose indicate that a concen-
tration of 7.2 M urea corresponds to a concentration
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Figure 2. Effect of xylose and glycerol concentration
on viscosity of the solvent; (a) viscosity of the solvent with
increasing xylose concentration in water and 7.2 M urea
(inset) and (b) viscosity of the solvent with increasing
glycerol concentration in water. The continuous line
through the data in (a), inset of (a), and (b) is a fit of the
data to a simple exponentlal equation (equatlon 7)), and
yields values of 042 M™', 0.55 M ' and 0.033% ',
respectively, for the exponentlal coefficient, c.

in the transition zone. The relative amplitudes of the
fast phase of unfolding decrease with an increase in
xylose concentration, and the relative amplitude of
the slow phase increases with an increase in xylose
concentration (Figure 3(b)).

Figure 3(c) shows the dependence of the fast
apparent unfolding rate constant on xylose concen-
tration. To determine whether the data satisfied the
viscosity dependence predicted by Kramers’ theory,
the dependence was fit to equation (16). The fit to
equation (16) (Figure 3(c)) is not satisfactory,
indicating that Kramers’ theory cannot adequately
describe the viscosity dependence of the apparent
unfolding rates.

The inadequacy of Kramers’ theory (k o< 1/n) is
further illustrated in Figure 4, in which the ratio of
the unfolding time constant in the presence of
viscogen to that in its absence (t,,v/T,) is plotted
against the relative viscosity (1/mp), for unfolding
rates determined under isostability conditions. Iso-
stability conditions were achieved by balancing the

increase in viscogen concentration with an increase
in urea concentration, so that all unfolding reactlons
were carried out in conditions where AG{A/
(equatlon (5)) has a constant value of —2.25 kcal
mol ™', If the assumption that under isostability
condltlons, the value of the free energy of activation
is also not perturbed, is correct and if Kramers’
theory is adequate, then the plot of k,v/k, versus
Mo/M or, Tuvy/Tu versus m/mg should be linear
according to equation (25), with a slope of 1. Such
a plot for glycerol is indeed linear, but the slope is
not equal to 1 (Figure 4(b)). Such a plot for unfolding
rates determined in different xylose concentrations
is not linear but fits to a second-order polynomial
equation (Figure 4(a)). The data in Figure 4 therefore
indicate that either the isostability assumption is
incorrect or that Kramers’ theory is not valid for
describing the unfolding data or that the unfolding
reaction is not a simple single-step reaction.

When deviations from the viscosity dependence
predicted by Kramers’ theory are seen, data are
usually fitted to the phenomenological relationship
of equation (9). Equation (9) has two adjustable
parameters, p and &, and when Kramers’ theory is
valid, the values of p and € are 1 and 0, respectively.

The data in Figure 3(c) were therefore fit to
equations (12) and (15). Equation (12) includes the
parameter, 1o, which is the viscosity of the unfolding
protein solution not containing any xylose. It has
been shown that at high denaturant concentrations,
the viscosity is very different from that of a solution
where denaturant s either absent or present in low
concentrations.'”?® Since unfolding was carried out
in 7.2 M urea containing different concentrations of
xylose, the viscosity of a 7.2 M urea solution was
used as the value of mp. In equation (12), the
adjustable parameter p, is set to 1 so that the only
extension to Kramers’ theory is the inclusion of the
parameter §&. The data in Figure 3(c) fit well to
equation (12) and the fit yielded values for my and €
of 0.13 kecal mol ' M 'and —0.74 P (~ —0.7 cP),
respectively. On the other hand, the fit to equation
(15), in which the adjustable parameter § is set to 0, is
as unsatisfactory as the fit to equation (16), in which
€=0 and p=1 (in fact, the two fits overlap). This
indicates that allowing the value of p to vary from 1
is not necessary or appropriate.

The value of 0.13 kcal mol "M ! obtained for m¥
from the fit to equation (12) can be used to check the
validity of the isostability assumption that under
conditions where the concentrations of urea and
viscogen are such that the value of AG{J{\{ is kept
constant, the same concentrations of urea and
viscogen will also ensure that the value of the free
energy of activation for unfolding will remain
constant. If this assumption is correct, then the
relationship between the m values, described by
equation (21), must hold true. The value of ¥,
(xylose) has been determlned from Flgure 1(a) to be
1.06 kcal mol * M , the value of mg is known from
previous studies® to be —1.16 kcal mol and
the value of my is known from previous stud1es to
be —0.14 kcal mol ' M ! (see also Materials and
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value of the apparent unfolding
rate constant in 7.2 M urea in the
absence of any xylose; the value of
Mo was fixed at 1.37 cP, which is the

viscosity determined for a 7.2 M urea solution (Figure 2(a), inset); and, the value of the exponential coefficient, ¢, was fixed

at 0.55 M ' (inset of Figure 2(a)).

Methods). According to equation (21), the value of
m (xylose) should therefore be 0.13 kcal mol™ M1,
for the isostability assumption to be valid. This is
exactly the value obtained for my (xylose) from the
fit of the data in Figure 3(c) to equation (12). Thus, it
appears that the isostability assumption is true for
the unfolding of barstar.

This validation of the isostability assumption
means that the apparent unfolding rates determined
under an isostability condition, such as shown in
Figure 4, can be analyzed according to equation (24).
Figure 5 shows the apparent fast unfolding rate
determined under an isostability condition (AG{/N/ =
—2.25 kcal mol ') at different concentrations of
xylose (Figure 5(a)) and glycerol (Figure 5(b)). A fit
of the data in Figure 5(a) to equation (24) yields a
value of € of —0.66 cP (~ —0.7 cP) for unfolding in
xylose. This value of § is similar to the value
obtained from fitting the data of Figure 3(c), —0.74
cP (~ —0.7 cP), which was obtained at a fixed urea
concentration of 7.2 M, to equation (12). This result
again validates the isostability assumption. A fit of
the data in Figure 5(b) for unfolding in glycerol
provides a value of —0.49 cP for unfolding in

glycerol, which is different from the value obtained
for unfolding in xylose.

Discussion

Interpretation of § as an internal friction term

It has been very difficult to interpret the viscosity
dependence of protein folding and unfolding, and
only a small number of studies of the viscosity
dependencies of protein conformational changes
have been reported. For example, in the study of
CO-haemoglobin, a slope of <1 was found for the CO
dynamics.” This subunitary value was attributed to
attenuation and transformation of the effect of the
cosolvent on internal protein dynamics.*” Similar
observations have been reported for other systems as
well.*® A distinction between internal friction and
solvent friction was used in the interpretation of the
conformational relaxation of myoglobin.” The
refolding kinetics displayed a Kramers’-like viscos-
ity dependence only at high viscosities (~20 cP). The
data were analyzed by partitioning the friction term
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Figure 4. Dependence of the relative unfolding time
constant on the relative viscosity of the solution, under
isostability condition (AG{{=-2.25 kcal mol ). (a) The
apparent unfolding time constant of barstar in xylose
relative to the unfolding time constant in the absence of
xylose, Ty v/ Ty versus m/mp. The final urea concentration
upon unfolding was varied from 6.0 M to 7.25 M to
maintain a constant native state stability of —2.25 kcal
mol . The continuous line is a fit of the data to a second
order polynomial equation, T,v/Tu=—2.13+3.86(n/n0)
—0.73(n/mo)*. Error bars on the points are standard
deviations from three separate determinations, and are
smaller than the size of the symbols used. (b) The
unfolding rate constant of barstar in glycerol relative to
the unfolding rate constant in the absence of glycerol, 7, v/
Ty versus 1/mp. The final urea concentration upon unfold-
ing was varied from 6.0 M to 7.7 M to maintain a constant
native state stability of —2.25 kcal mol '. The continuous
line is a fit of the data to a linear equation and yields a slope
of 1.78. Error bars on the points are smaller than the size of
the symbols used, and are standard deviations from four
separate determinations. For the transformation of the
data in both panels, the viscosity of a 6 M urea solution was
taken as the value of ng (1.24 cP), because this urea
concentration maintains isostability conditions in the
absence of viscogen. The viscosity of each viscogen-
containing solution was independently measured to
obtain the value of 1, and hence, 1/, for that solution.

into an internal and solvent friction component. This
was done by interpreting the adjustable parameter §
of equation (9) as internal friction. In this interpre-
tation of €, it is supposed to represent the internal

friction between segments of the polypeptide chain
as it folds, similar to the relative sliding of layers of
solvent molecules in viscous liquids.

A protein folds independently of solvent viscosity,
when the internal friction of the protein chain in the
transition state is much higher than the friction with
the solvent molecules. This internal friction is not
constant for proteins. For CspB'"'* and protein L,"?

1.6
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Figure 5. Dependence of the relative unfolding rate
constant on the viscosity of the solution, under isostability
condition. For each viscogen-containing solution, the
viscosity, 7, was determined independently. (a) The
unfolding rate constant of barstar in xylose relative to the
unfolding rate constant in the absence of xylose, k,v/ky
versus viscosity m at each isostability condition. The final
urea concentration upon unfolding was varied from 6.0 M
to 7.25 M to maintain a constant native state stability of
—2.25 kcal mol ™. The continuous line is a fit of the data to
equation (24), with the value of ny fixed at 1.24 cP (the
viscosity of a 6 M urea solution; see the legend to Figure 4),
and yields a value of —0.66 cP for &. Error bars on the points
are standard deviations from three separate determina-
tions. (b) The unfolding rate constant of barstar in glycerol
relative to the unfolding rate constant in the absence of
glycerol, k,v/k, versus viscosity m at each isostability
condition. The final urea concentration upon unfolding
was varied from 6.0 M to 7.7 M to maintain a constant
native state stability of —2.25 kcal mol~'. The continuous
line is a fit of the data to equation (24), with the value of ng
fixed at 1.24 cP (the viscosity of a 6 M urea solution), and
yields a value of —0.49 cP for &. Error bars on the points are
standard deviations from four separate determinations.
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the internal viscosity is lower than the viscosity of
the surrounding solvent when the activation barrier
is crossed, and hence, is not relevant as a rate-
limiting factor. But, for many proteins, the internal
viscosity increases early during the folding reaction,
particularly when the intermediates are formed, and
becomes higher than the friction with the solvent
when the transition state is traversed. In such a case,
folding becomes independent of solvent viscosity, as
is seen for « lactalbumin.'’ An increase in internal
viscosity friction, thus contributes to kinetic traps on
folding routes. A low value for internal friction is
interpreted to mean that the protein chain can move
rather freely. When the protein is densely packed,
the chain segments can possibly no longer slide
freely along energy trajectories, but instead jump
between discrete conformational substates, separat-
ed by sizable energy barriers. In such cases, the
internal viscosity and the size of the energy barrier
can be correlated, because they both originate from
the hindered movement of chain segments relative
to one another in the transition state.'”

A modification of Kramers’ theory has been used
to fit the end-to-end diffusion kinetics of polyglycine
chains ranging from four to ten residues,® where the
dynamics of the ten-residue chain are inversely
dependent on solvent viscosity and the dynamics
of the four-residue chain by contrast, are dominated
by an internal friction component, and is affected
relatively less by changing solvent viscosity. The
viscosity dependence of the rate of ligand dissocia-
tion-induced conformational changes in myoglobin
indicates that for the structural rearrangements of a
compact, solvent-excluded, native protein, an inter-
nal friction term, §, approximately four times that of
water, plays a major role.” The viscosity dependence
of refolding of several proteins!”-3839 is best
accounted for by including the § term in the analyses
of the viscosity dependences of their folding. On the
other hand, a simple proportional relationship
between refolding time constants and relative
viscosity for protein L'® under isostability conditions
has shown that the refolding of protein L does not
exhibit a significant internal friction component.
Similarly, it has been shown from studies of unfold-
ing and refolding of CspB at isostability conditions,
that 7/7( varies linearly with n/n with a unitary
slope. The inclusion of an internal friction component
is not required, suggesting that the collapse of the
polypeptide chain occurs in the rate-limiting step
during its folding.""'> There has been no report
which required the inclusion of the § term in the
analyzing of the viscosity dependence of the unfold-
ing of a protein. In the two studies on the viscosity
dependence of unfolding 1<ir1etics,8’11 T/Towas found
to vary linearly with n/mng exhibiting a slope of 1.
There was no need for the inclusion of the § term.

Kramers’ theory and the unfolding of barstar
In this study when the apparent unfolding rates of

barstar in the presence of xylose, at constant urea
concentration (Figure 3(c)) were fitted to equation

(16), an equation which does not include the
adjustable parameter €, the fit to the data was not
good, indicating that Kramers’ theory was not
adequate to explain the unfolding reaction of
barstar. Two extensions to Kramers’ theory were
therefore considered in which the adjustable para-
meters § and p are included (equation (9)). Fitting
the data in Figure 3(c) to equation (15), which lacks
the § term, but includes the parameter, p, not equal
to 1 (for reactions satisfying Kramers’ theory, p=1)
also yields a poor fit, indicating that an extension of
Kramers’ theory which includes only the parameter
p is inadequate to explain the data. A fit to equation
(12), in which only the adjustable parameter § is
included in the extension of Kramers’ theory, is,
however, satisfactory (Figure 3(c)). But the value
obtained for § is negative.

Barstar does not experience bulk solvent
viscosity during unfolding

The negative values of ~ —0.7 cP and ~ —0.5 cP for
§ obtained from an analysis of the unfolding of
barstar in the presence of xylose and glycerol,
respectively, suggest that the usual interpretation
of § as denoting internal protein friction is not
correct in the case of the unfolding of barstar. Here, §
appears to be a viscosity term denoting the extent to
which the effective viscosity, that actually dampens
the motions of the protein chain as it unfolds, is
lower than the bulk solvent viscosity. The negative
value of § indicates that the motions of the protein
chain are not dampened by the bulk solvent
viscosity n but by an effective solvent viscosity n + §.

At this stage, it is not clear as to why the protein
does not feel the bulk solvent viscosity. Perhaps the
explanation lies in the mode of interaction of xylose
and glycerol with the protein. The thermodynamic
analyses of the interaction of either of these
cosolvents with barstar (Figure 1) indicates that the
mode of interaction is through a preferential
hydration mechanism®® because the free energy of
stabilization of N with respect to U has a linear
dependence'**®*° on the concentration of either
xylose or glycerol. According to the mechanism of
preferential hydration, the protein is surrounded by
a shell of water molecules from which cosolvent
molecules, such as of xylose and glycerol used here,
are preferentially excluded**** because of surface
tension. The presence of a shell of water molecules
separating the protein molecules from bulk solvent
will mean that the motions of the protein chain as it
unfolds will be dampened not by bulk viscosity but
by an effective viscosity that is lower than the bulk
viscosity by the quantity §.

There is considerable evidence for the presence of
a bound water layer or hydration shell on the
surface of a native protein in solution.***’ Precise
measurements of the diffusion coefficients of mole-
cules as large as protein molecules, which are large
compared to the size of water molecules, have
validated the Stoke-Einstein relation, which says
that diffusional motion is inversely proportional to
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solvent viscosity.”” These measurements have also
shown that the Stokes radius for large molecules is
larger than the radius computed from the partial
molar volume by ~15%, presumably because of a
tightly bound water layer which migrates with the
protein, although protein shape may also play a
role.”® Characterization of the ultrafast dynamics
of the bound water molecules by time-resolved
fluorescence spectroscopy®*’ indicate that the
water molecules in the bound water layer around
a folded protein exist in rigid but ephemeral
structures that are lost upon unfolding of the
protein. X-ray and neutron scattering studies
indicate that the density of the hydration shell is
significantly more than that of bulk water.*
There is some controversy about the local viscos-
ity in the hydration shell. Magnetic dispersion
experiments indicate that the local viscosity is higher
than the bulk solvent viscosity, but these studies also
indicate a highly mobile hydration layer,* a result
incompatible with that of time-resolved fluorescence
measurements of ultrafast dynamics.”’”** On the
other hand, kinetic measurements of CO binding to
myoglobin have suggested that the local viscosity at
the protein—-solvent interface is smaller than the bulk
solvent viscosity.'* Time resolved fluorescence
anisotropy decay studies® have also shown that
the rotational dynamics of solvent-exposed trypto-
phan side-chains are dampened not by the bulk
solvent viscosity but by a lower effective viscosity.
Moreover, the rotational dynamics are less sensitive
to bulk solvent viscosity in native proteins than they
are in unfolded proteins, suggesting the presence of
water bound to proteins in their folded but not
unfolded states. It appears that an unfolded protein
molecule may be similar to a small solute molecule
in not possessing a bound water layer”™ and it is
noteworthy for small solute molecules that although
the diffusional coefficient varies inversely with
viscosity, the slope may be either greater or smaller
than 1.0 In this context, it is possible that the
motions of only very small segments of the poly-

5

peptide chain are involved in the rate-limiting step
of unfolding.

It is likely that it is the bound water layer on a
folded protein molecule which controls the dynam-
ics of the protein chain and side-chains, including the
motions associated with protein unfolding, and
which insulates the protein from the bulk solvent.
This is depicted pictorially in Figure 6. Of course,
during unfolding, the protein structure itself might
also affect the hydrodynamic coupling of the
polypeptide chain in the protein interior with the
solvent.

Validation of the isostability approach

The isostability approach was introduced origi-
nally by Chrunyk and Matthews when they
investigated domain pairing in the folding of the o
subunit of tryptophan synthase.” Subsequently, the
utility of this approach has been demonstrated in
folding and unfolding studies of CspB'' and protein
L, where the folding rates scale linearly with
viscosity with a near-unitary slope.*'""'*> Moreover,
the retardation of folding rates was seen to be
independent of the chemical nature of the viscogenic
agent, as also seen here. In the case of CspB'" and the
a subunit of tryptophan synthase® the unfolding
rates were observed to scale linearly with viscosity
with a near-unitary slope.>’" Thus, even though
denaturant and viscogen might affect protein
stability by different mechanisms,'® the isostability
approach seems to work well. Also, when the
progressively larger, stabilizing effect of increasing
concentration of the added viscogen could be
negated, as it is when the viscogen ethylene glycol
is used at higher temperature,'>”* the effect of
increasing viscosity on folding rate could be shown
to follow Kramers’ theory.

In spite of the utility of the isostability approach,
there has never been explicit validation of a basic
tenet of the approach, namely that when the
stabilizing effect of the viscogen is counterbalanced

increasing
solvent
viscosity

Figure 6. Pictorial representation of the bound water layer or hydration shell on the surface of the native protein in
solution. The motions of the protein chain as it unfolds are dampened by an effective viscosity n+§ and not the bulk
viscosity m, the effective viscosity being lower than the bulk viscosity by the quantity €.
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exactly by the destabilizing effect of denaturant, this
mutual neutralization of effects acts not only on
native state stability, but also in an identical manner
on transition state stability. In this study of the effect
of viscosity on the unfolding of barstar, this basic
tenet has been validated.

Materials and Methods

Bacterial strain and plasmid, and protein purification

The Escherichia coli strain MM294 was used for protein
expression. The expression plasmid for wt barstar was
pMT316 provided by R. W. Hartley. The method used to
purify barstar has been described in detail.”> Protein
concentrations were calculated using an extinction coeffi-
cient of 23,000 M 'em '.>* Mass spectroscopy using a
Micromass Q-TOF Ultima showed that the protein was
pure with a mass of 10,342, which indicated that the N-
terminal methionine residue had remained uncleaved
during synthesis.

Materials

Tris-HCl (ultrapure, 99.9%) and DTT (ultrapure) were
from GibcoBRL; EDTA disodium salt (ultrapure, 99+%),
xylose (ultrapure, 99%) and glycerol (ultrapure, 99%) were
from SIGMA; and urea (ultrapure) was from USB.

Buffers and solutions

30 mM Tris-HCl (pH 8), 250 uM EDTA and 250 uM DTT
(ultrapure from GibcoBRL) constituted the native buffer
used for all equilibrium experiments. Unfolding buffer
was native buffer containing 9 to 10 M urea. The
concentrations of stock solutions of urea were determined
by measuring the refractive index using an Abbe 3L
refractometer from Milton Roy. For urea-induced equilib-
rium denaturation studies in the presence of viscogen
(xylose or glycerol), the viscogen was present in the
refolding as well as unfolding buffer; up to 1 M xylose or
up to 24% (v/v) glycerol was present. All buffers and
solutions were filtered through 0.22 um filters before use.

For refolding kinetic experiments, 30 mM Tris—-HCl,
250 uM EDTA, 250 uM DTT, with or without 2.2 M xylose
constituted the two native buffers. 30 mM Tris—-HCl,
250 uM EDTA, 250 pM DTT and 9 M urea constituted the
unfolding buffer; the unfolding buffer did not contain any
xylose. The protein was unfolded at least 4 h prior to the
refolding experiments. Appropriate dilutions of the three
buffers were made on the stopped-flow mixing module to
give the final desired xylose and urea concentration; the
urea concentration was constant at 0.9 M during refolding,
whereas the xylose concentration was varied from 0 to
2.0 M. All buffers and solutions were filtered through
0.22 pum filters before use. The experiments were carried
out at 25 °C.

For unfolding experiments, 30 mM Tris—-HCI (pH 8),
250 uM EDTA and 250 uM DTT constituted the native
buffer. The unfolding buffer was native buffer containing
8 M urea. Upon unfolding, the final urea concentration
was maintained constant at 7.2 M urea. Xylose was
present in the refolding as well as the unfolding buffers up
to a concentration of 1 M. Unfolding in the presence of
varying concentrations of xylose was studied at constant

urea concentration. All buffers and solutions were filtered
through 0.22 um filters before use and the experiments
were carried out at 25 °C.

For unfolding experiments under isostability conditions
in the presence of xylose and glycerol, 30 mM Tris-HCl,
250 uM EDTA, 250 uM DTT, constituted the native buffer.
30 mM Tris—HCI, 250 uM EDTA, 250 uM DTT and 8.1 M
urea, with or without 1.5 M xylose (or, 8.55 M urea, with or
without 22.22% glycerol) constituted the two unfolding
buffers. Appropriate dilutions of the three buffers were
made on the stopped-flow mixing module to give the final
desired urea-xylose/urea-glycerol concentration, such
that the net stability of barstar was —2.25 kcal mol L. All
buffers and solutions were filtered through 0.22 um filters
before use and the experiments carried out at 25 °C.

Viscosity measurements

Viscosity measurements of all the xylose and glycerol
solutions, in the presence as well as absence of urea, were
made using an Oswald’s viscometer. All measurements
were made at 25 °C. Viscosity was calculated using the
following equation:

Esolution

« dsolution (1 )

water

Nsolution =

twater dwater

where, foution and fwater are the times of flow of the
solution and water, respectively, between the two marks
for constant volume on the bulb of the viscometer; dgo1ution
and dy . are the densities of the solution (determined
using equation (2)) and water (known from literature to be
0.9971x10° kg m >at25 °C), respectively; and mater is the
viscosity of water at 25 °C (known from the literature to be
0.8937 cP). The density of the solution is determined by:

weight of the solution »
weight of the same volume of water

dwater

@)

dsolution =

Equilibrium unfolding studies

Protein stability at equilibrium was determined by urea-
induced denaturation studies using fluorescence at
320 nm as the probe. Prior to the fluorescence measure-
ments, the samples were equilibrated for at least 4 h.
Identical results were obtained if the time of incubation
was 24 h. The samples were excited at 295 nm and
emission collected at 320 nm, with the band widths as
mentioned above.

Kinetic experiments

Kinetic experiments were performed on a Biologic SFM-
4 stopped-flow mixing module. Folding and unfolding
were monitored using intrinsic tryptophan fluorescence as
the probe. The excitation wavelength was set at 295 nm,
and emission was monitored at 320 nm using an Oriel
bandpass filter with a band width of 10 nm. The protein
concentration during refolding and unfolding was be-
tween 15 pM and 20 pM. In all experiments, an FC-15
cuvette with a path length of 1.5 mm was used, the total
flow rate was 6.0 ml s !, and the dead time of the
instrument was 5.0 ms. For unfolding experiments at
constant urea concentration in the presence of increasing
amounts of xylose, the final urea concentration upon
unfolding was 7.2 M. For unfolding at isostability
conditions in the presence of viscogens (xylose and
glycerol), the final urea-viscogen concentration upon
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unfolding was such that the net stability of barstar was
—2.25 keal mol ™"

Data analysis

Equilibrium unfolding studies

According to the weak interaction (linear free energy)
model for describing the interaction of urea (D) with a
pro’ceir1,54’55 the change in free energy, AG{JN, that occurs
upon unfolding the native protein, N, in the presence of D,
is linearly dependent on denaturant concentration, [D]:

AG;\ = AGun + S [D] (3)

my, is the change in free energy associated with the prefe-
rential interaction of the denaturant with the unfolded
form, U, relative to the folded form, N. AG{n represents
the free energy of unfolding of N in the presence of dena-
turant and AGyy represents the free energy of unfolding of
N to U in the absence of any denaturant or added co-solute.

A cosolvent such as a viscogen, V, acting as a chemical
perturbant, also interacts with a protein according to the
weak interaction model*”*' and the free energy of
unfolding of N to U, in the presence of V, is expected to
be linearly dependent on viscogen concentration, [V]:

AG{y = AGux + m§[V] 4)

mYy is the change in free energy associated with the
preferential interaction of the viscogen with the unfolded
form, U, relative to the native form, N, in an equilibrium
unfolding transition. According to equation (4), 7, has a
positive value when the folded form is stabilized in the
presence of viscogen. AGIN represents the free energy of
stabilization of N, in the presence of viscogen.

Thus, in the presence of both denaturant and vis-
cogen, the free energy of unfolding of N to U, AG{f is
given by:

AG[Y, = AGun + m$[V] + m[D] (5)

Equation (5) assumes that 1, is independent of [V] and
that % is independent of [D].

Equilibrium data for the unfolding of N as a function of
[D], obtained in the presence of a fixed concentration of
viscogen, were fit to a two-state U «— N model according to
the equation:

(s )
_ Yn+mn[D] + (Yy + my[D])e”— *——
e S

Yo

(6)

where Y| is the value of the spectroscopic property being
measured as a function of [D] at fixed [V], YN and Yy
represent the intercepts, and my and my the slopes, of the
native protein and unfolded protein baselines, respective-
ly. Thus, fits of denaturant-induced equilibrium unfolding
data at different fixed values of [V] to equation (6), yield
values for AG{} and m¢ at each fixed [V],and a subsequent
fit of the viscogen dependence of AG{/\ to equation (4)
yields values for AGyn and n5,.

Dependence of viscosity on the concentration of the
viscogen

The simple exponential dependence of the solvent
viscosity on the concentration of xylose and glycerol is
given by the equation:

N = npe”! (7)

where 1 is the solvent viscosity in the presence of the
viscogen, 1 is the viscosity in the absence of any viscogen
(either in the absence or the presence of denaturant (urea)
D), c¢ is the exponential coefficient and [V] is the
concentration of the viscogen.

Kinetic studies

The observable kinetics of unfolding of barstar in 7.2 M
urea is described by a two-exponential process in the
presence of >0.6 M xylose:

A(t) = A(oo) + Are™! + Aye ™! (8)

or by a single exponential process for unfolding in <0.5 M
xylose, by setting A, equal to zero in equation (8). Here, A
(t) and A() are the observed reduced amplitudes at times
t and at infinity; Ny and X\, are the apparent rate constants
of the slow and fast phases; and A; and A, are the
respective amplitudes. The relative amplitude of each
phase was determined by dividing the observed ampli-
tude of that phase by the equilibrium amplitude of the
reaction at 7.2 M urea.

In the limit of high viscosity, Kramers’ model predicts that
the reaction rates are inversely proportional to 1. Extensions
of Kramers’ theory have been used to describe the
conformational dynamics of the protein folding
reaction,’!” and one such extension is the inclusion of the
adjustable parameter €, which, together with the bulk
solvent viscosity, 1, determines the effective viscosity felt by
the protein. Another is the inclusion of the adjustable para-
meter p, as the exponent of solvent viscosity, 1. The reaction
rate is then given by the phenomenological equation:

v el

:T]p+gg RT (9)

where, v is a proportionality constant with units of cP s~
and AG* is the free energy barrier.

When 1o is the viscosity of the denaturant (urea)
solution, D, in the absence of any added viscogen, and
when p=1, equation (9) can be written as:

1

(Gt 4k Dl
- ‘J’r gei( ) (10)
To

where —m%/2.303RT is the slope of the plot of logarithm of
the unfolding rate constant, k,, versus denaturant concen-
tration, [D]. This slope is known to have a value of 0.105
M ! from earlier studies.>? Thus, mX has a value of —0.141
kcal mol ' ML,

In the presence of both urea and viscogen, on combining
equations (7) and (10), we have:

u

v - (ach vk D4k v))
kov = We K (11)
where c is known from determining the dependence of
viscosity on viscogen concentration in the presence of a
fixed denaturant concentration (in this case, 7.2 M urea)
according to equation (7); mY/2.303RT is the slope of the
plot of logarithm of the unfolding rate constant in the
presence of viscogen, kv, versus viscogen concentration,
[V], and is not known.

Combining equations (10) and (11):

B Mo +g 7"1]‘;[V]
ku,V — ku WQ RT (12)

where k,, defined by equation (10) is the unfolding rate
constant in the absence of any viscogen, V.
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When £=0 and when p#1:

v - (Acé 4 [D])

ky, = —e (13)
Mo
t KDk

v 7(._\G0+mu DLk [v])

v = (14)
No€
and,
—(peRT "/J*”’b %))

kav = kye RT (15)

When £=0 and when p=1,

7(5RT[V]+1,,1\<, V)

kov =kge® (16)

Unfolding under isostability conditions

The assumption is that if the perturbation of the stability
of the native state, AGyn, by [V],, is nullified by the
addition of [D]; then, for U « TS' and TS* < N, any
perturbation of AG* by the same concentration of V will
also be nullified by addition of the same concentration of
D.

If, at equilibrium, AGyy is not perturbed, equation (5)
becomes:

AGun = AGun + my [V]; + mig[D]y (17)
or, in other words:

_my _[Dh
mg [V 18)

With the isostability assumption, that is, if AG* is also
not perturbed at the same concentrations of D and V-

AGF = AGH + X [V), + mX[D], (19)
and in other words:
Kk
_my _ [Dh
mk B V] 20)

If the assumption made above is correct, then on
combining equations (18) and (20), we have:

me  mk
s, s @
u u

Testing the validity of equation (21) therefore represents a
test of the isostability assumption.

For experiments carried out under isostability condi-
tions, and when the assumption of perturbations on the
native state and the transition state being identical, is
valid, then, when p=1:

v —act
ky =———¢€xt 22
Mo +§ (22)
and:
v —ach
kv = e R 23
u,V m +g ( )

On combining equations (22) and (23), we have:

ku.V:n0+g
kp m+¢g

(24)

When € =0, then under isostability conditions:

kuAV Mo
PR (25)
Hence, under isostability condition, and when p=1 and

€=0, a plot of ky v /k, versus no/m (O, Ty v/ Ty versus /o)
will have a slope of 1.
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