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ABSTRACT: We have monitored the effects of salts and denaturants on the folding of the simple, two-state
protein FynSH3. As predicted by Debye-Huckel limiting law, both the stability and (log) folding rate of
FynSH3 increase nearly perfectly linearly (r2 > 0.99) with the square root of ionic strength upon increasing
concentrations of the relatively nonchaotropic salt sodium chloride. The stability of FynSH3 is also linear
in square root ionic strength when the relatively nonchaotropic salts sodium bromide, potassium bromide,
and potassium chloride are employed. Comparison of the kinetic and equilibrium effects of sodium chloride
suggests that the electrostatic interactions formed in the folding transition state are approximately 50% as
destabilizing as those formed in the native state, presumably reflecting the more compact nature of the
latter. In contrast, the relationship between concentration and folding kinetics is more complex when the
highly chaotropic salt guanidine hydrochloride (GuHCl) is employed. At moderate to high GuHCl
concentrations the net effect of the linear, presumably chaotrope-induced deceleration and the presumed,
square root-dependent ionic strength-induced acceleration is well approximated as linear, thus accounting
for the observation of “chevron behavior” (log folding rate linear in denaturant concentration) typically
reported for the folding of single domain proteins. At very low GuHCl concentrations, however, significant
kinetic rollover is observed. This rollover is reasonably well fitted as a sum of a linear, presumably
chaotropic effect and a square root-dependent, presumably electrostatic effect. These results thus not only
provide insight into the nature of the folding transition state but also suggest that caution is in order when
extrapolating GuHCl-based chevrons to estimate folding rates in the absence of denaturant and in
interpreting deviations from chevron linearity as evidence for non-two-state kinetics.

Because proteins are polyampholytes (mixed charged
polymers), both their thermodynamic stability and folding
kinetics depend strongly on solvent ionic strength. Histori-
cally, however, it has proven difficult to define precisely the
extent to which ionic strength affects folding. The difficulty
arises because, in addition to the electrostatic consequences
of increased ionic strength, other properties of salts also
contribute to the thermodynamics of the native and folding
transition states. For example, the binding of ions to specific,
saturable sites on the folded or unfolded state will stabilize
or destabilize the native state, respectively, leading to a
hyperbolic relationship between folding free energy and salt
concentration (e.g., ref1). Similarly, because the hydrophobic
effect dominates folding, the chaotropic or kosmotropic
behavior of added salts [as, for example, qualitatively defined
by the Hofmeister series (2)] strongly affects both protein
stability and folding rates. For “purely” chaotropic or
kosmotropic effectors (such as urea or glycerol), a strongly
linear relationship between native state stability (or log

folding rate) and concentration is generally observed for
smaller proteins (e.g., refs3 and 4). For non-two-state
folding, however, more complex, nonlinear relationships are
sometimes observed as, for example, increasing amounts of
chaotrope destabilize aggregates or discrete folding inter-
mediates (e.g., ref5). Complex, nonlinear relationships are
also sometimes observed when a salt produces both ionic
strength and, particularly at higher concentrations, chaotropic
or kosmotropic effects (e.g., ref6). In the presence of these
complicating effects, it is generally difficult to ascertain the
extent to which salt-induced changes in folding are a
consequence of the purely electrostatic effects of altering
ionic strength.

The effect of ionic strength on electrostatic forces is given
by the Debye-Huckel limiting law, which describes the
cloud of counterions that forms around a point charge in
solution and thus screens Coulombic interactions. The
efficiency of this screening is related to the thickness of the
counterion atmosphere, which in turn is dependent on the
square root of the ionic strength (7). If the electrostatic
interactions in a protein are net destabilizing, the Debye-
Huckel screening will increase the stability of the native
protein relative to the more expanded, unfolded state (even
if some residual electrostatic interactions remain in the
unfolded state), with the change in stability varying with the
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square root of the ionic strength. Similarly, in the absence
of confounding binding, chaotropic or kosmotropic effects,
the electrostatic screening of salt should produce a linear
relationship between log folding rates (proportional to the
relative free energy of the folding transition state) and the
square root of the ionic strength over the concentration range
in which the Debye-Huckel limiting law is valid.

In an effort to enhance our understanding of the role that
electrostatics play in folding, we have characterized the
refolding of the FynSH3 domain in the presence of a range
of ionic and chaotroic cosolvents. These include the neutral,
relatively nonchaotropic or kosmotropic salts NaCl, NaBr,
KCl, and KBr, the uncharged chaotrope urea, and the highly
chaotropic salt guanidine hydrochloride (GuHCl).1 The
FynSH3 domain (Figure 1) is a simple, single-domain protein
that exhibits two-state kinetic and equilibrium folding (8).
Because of its simplicity, FynSH3 appears to be an ideal
system with which to deconvolute the potentially confound-
ing contributions of salts to folding and to therefore ascertain
the role that electrostatic interactions play in protein stability
and folding kinetics.

MATERIALS AND METHODS

Full-length (54 residues) FynSH3 was employed for
experiments studying the effects of GuHCl, NaBr, KBr, and
KCl, and the truncation mutation N∆3-FynSH3 was em-
ployed for use with urea and NaCl. These choices were
motivated by the observation that, whereas the full-length
protein does not unfold completely even in saturated urea,
the three-residue, amino-terminal truncation mutant N∆3-
FynSH3 is sufficiently destabilized that it unfolds in urea at
salt concentrations as high as 2 M NaCl. While we monitored
not the effects of several monovalent salts on folding, we
did investigate any polyvalent salts, as polyvalent cations
very frequently exhibit specific binding (to ligands such as
glutamate and aspartate), and polyvalent anions (such as

sulfate) invariably fall far from the center of the Hofmeister
series and thus exhibit strong chaotropic or kosmotropic
effects.

Both the full-length and truncated FynSH3 domains retain
two-state folding characteristics as determined by equilibrium
denaturation monitored by circular dichroism at 220 nm and
by kinetic analysis of folding and unfolding as monitored
by stopped-flow fluorometry (see below). Both proteins were
expressed from pET15b vector inEscherichia coliBL-21-
(DE3) pLysS cells. Purification consisted of a standard Ni
protocol (Qiagen) followed by exhaustive dialysis against
10 mM NH4HCO3 and lyophilization. The amino-terminal
six-His tag was retained in both constructs; the pH employed
is sufficiently high that the tag is uncharged. All experiments
were performed in 10 mM Tris, pH 8.1. As 8.1 is the pKa of
Tris in the limit of 0 M ionic strength (at 25°C), the buffer
contributes∼0.005 M to the ionic strength in the absence
of added salt. While this contribution will decrease slightly
at higher ionic strengths (the pKa of Tris increases slightly
with increasing ionic strength), this change is relatively minor
and has been ignored.

Folding Free Energy as a Function of NaCl.Because
N∆3-FynSH3 is relatively unstable, it does not exhibit a
sufficient folded baseline in the absence of salt (Figure 2,
right). Similarly, in the presence of 2 M NaCl the protein is
so stable that even saturating urea concentrations do not
produce a significant unfolded baseline. We thus employed
the following approach and assumptions in fitting urea
denaturation curves to determine folding free energy at
various salt concentrations. Fitting all of the curves to the
relevant equilibrium unfolding equations [with sloped base-
lines (9)], we find that the slopes and intercepts of both
baselines are within error of one another and do not exhibit
any systematic variations as a function of salt concentration
(data not shown). The uream-values obtained from these
fits are also closely similar and also fail to exhibit any
systematic variation with salt concentration (data not
shown), an effect that has been reported previously (e.g.,
refs 10 and11). That said, the folded baselines of the four
lowest NaCl concentrations, the unfolded baselines of the
four highest NaCl concentrations, and them-values of the
two lowest and two highest NaCl concentrations are ex-
tremely poorly constrained. We thus assumed that the average
unfolded baseline of the five lowest NaCl samples, the
average folded baseline of the five highest NaCl samples,
and the meanm-value of the five intermediate NaCl
concentrations held for the entire data set. Each curve was
thus fit to the equation:

where the first two terms are the slope and intercept,
respectively, for the difference between the mean folded and
unfolded baselines, the last two terms are the mean slope
and intercept of the unfolded baseline, and the value 0.6075
[in kcal/(mol‚M)] is the mean equilibrium uream-value for
the mutant. The fits to thissingle-parameterequation are
excellent (allr2 > 0.93, medianr2 ) 0.99), suggesting that
our assumption of fixed baselines andm-values is valid and
producing∆Gu constrained to within(0.04 kcal/mol.1 Abbreviation: GuHCl, guanidine hydrochloride.

FIGURE 1: The electrostatic structure of native FynSH3 is indicated,
with 11 negatively and 5 positively charged residues at the pH
employed here. A cluster of sequence-distant, negatively charged
residues is apparent that presumably contributes to the net unfavor-
able role that electrostatics play in the folding of this protein. Similar
electrostatic destabilization in the cold shock family of proteins is
well established (6).

θ ) (-0.437[urea]- 8.63)/
(1 + exp(∆Gu + 0.6075[urea]/RT)) +

0.743[urea]- 15.83 (1)

1244 Biochemistry, Vol. 44, No. 4, 2005 de los Rios and Plaxco



Folding Free Energy as a Function of NaBr, KBr, and
KCl. Fluorescence-detected (excitation 280 nm, emission
above 320 nm) urea titrations were employed to measure
the effects of NaBr, KBr, and KCl on the stability of the
full-length FynSH3 construct (Figure 3). The data were fitted
to a standard two-state equilibrium unfolding equation with
a fixed intercept for the folded baseline (the spectrometer
output was arbitrarily set to unity at the start of each titration)
and with the uream-value for this construct fixed at the mean
value of 0.57 kcal/(mol‚M). With the exception of the zero
added salt titration, the unfolded baselines were extremely
short, and the unfolded baseline slopes were thus fixed at
zero. This is clearly an approximation, however, and limits
the precision with which free energy is determined under
such conditions.

Folding Kinetics as a Function of NaCl.Observed
relaxation rates (Figure 4) were determined at a final urea
concentration of 0.82 M and NaCl concentrations ranging
from 0.05 to 2 M. Folding was initiated by a rapid dilution
of 9 M urea plus NaCl into a solution of equal concentrations
of NaCl but lacking urea. Rates were monitored by tryp-
tophan fluorescence changes using an APP SX.18MV
stopped-flow fluorometer (Applied Photophysics, Leather-
head, England). Due to the relative instability of N∆3-
FynSH3 at low NaCl concentrations (Figure 2) the assump-
tion thatkobs≈ kf does not hold. For this reason we calculated
kf (Figure 4, right) fromkobsand the known∆Gu (see above)
using the equation:

The urea- and GuHCl-derived chevrons were generated by
standard methods using an APP stopped-flow fluorometer
(Figures 5 and 6). Folding rates in the folding arm of the
GuHCl chevron were determined by two methods. Most of
the data were determined by refolding protein that had been
denatured in 4.5 M GuHCl via rapid dilution into solutions
of varying GuHCl concentration. The rollover portion of the
arm was determined by monitoring refolding of urea-
denatured protein in the presence of a given amount of
GuHCl and varying amounts of urea. The folding rate in
the presence of that amount of GuHCl was then derived by
extrapolating the data to 0 M urea. To test the validity of
this approach, refolding rates were determined using both
methods for a number of GuHCl concentrations. No signifi-
cant deviations are observed (Figure 6; overlapping squares
and diamonds). The unfolded arm of the chevron was
determined by unfolding protein in increasing concentrations
of GuHCl. Reported parameters and confidence intervals
were obtained via nonlinear least-squares fitting (Kaleida-
graph, Abelbeck Software, Inc.). Kinetic data were fitted as
the logarithm of rates (see eqs 2-4) in order not to
overweight the fastest (and thus most poorly measured) rates.
Because many of the relevant variables are highly cross-
correlated (e.g., the variousm-values), these confidence
intervals are at best a very crude measure of standard error.
For this reason we have not estimated confidence intervals
for the various Tanfordâ-values; as the ratio of two cross-
correlated parameters, it is very difficult to accurately assign
realistic confidence intervals to these values.

RESULTS

We have employed three classes of cosolvents and two
proteins in our studies. The first set of cosolvents, NaCl,
KCl, NaBr, and KBr, are relatively nonchaotropic and
nonkosmotropic salts; all four ions fall near the middle of
their respective Hofmeister series. The next cosolvent, urea,
is a nonionic but highly chaotropic agent. As such, it
significantly destabilizes compact protein conformations, with
an efficiency that closely parallels the hydrophobic surface
area exposed upon unfolding (12). The behavior of the last
cosolvent, GuHCl, is more complex. Like salts of sodium,
potassium, chloride, and bromide, GuHCl is highly dissoci-
ated in aqueous solution. Unlike these other four ions,
however, guanidinium is near the chaotropic extreme of the
Hofmeister cation series. The proteins we have employed
are the full-length FynSH3 domain and a destabilized trun-
cation mutant. The mutant, N∆3-FynSH3, was employed for
some experiments because the full-length protein does not
completely unfold in urea at ionic strengths above∼250 mM.
NMR, fluorescence, and circular dichroism measurements
indicate that the native fold of the mutant is indistinguishable
from that of the full-length protein (B. Gillespie, J. Kohn,
and K. W. Plaxco, unpublished results).

NaCl increases the stability of the N∆3-FynSH3 domain
(Figure 2), suggesting that, in net, electrostatic interactions
in the native state are repulsive and thus favor the expanded,
unfolded state. Consistent with the predictions of the Debye-
Huckel limiting law, the folding free energy of N∆3-FynSH3
is nearly perfectly linear (r2 ) 0.998) in square root of ionic
strength (Figure 2, right), fitting the equation:

(whereI is the ionic strength in M and∆Gu° is the folding
free energy in the limit of 0 M ionic strength) up to the
highest salt concentrations we can investigate (urea does not
unfold the protein above 2 M NaCl). The linearity of the
free energy versus square root of ionic strength suggests that,
in reference to Debye-Huckel theory and by analogy to the
well-knownm-value defined for denaturants, we can define
an equivalent value, designatedmeq′, for the effect of ionic
strength on stability. The observedmeq′ value is 2.90( 0.07
kcal/(mol‚M1/2).

A hallmark of electrostatic screening is that the effect is
independent of the identity of the ion employed to alter the
ionic strength (with the potentially serious caveat that specific
binding or Hofmeister effects might vary, leading to ion-
specific deviations from simple Debye-Huckel behavior).
To test this, we have monitored the effects of sodium
bromide, potassium bromide, and potassium chloride on the
stability of FynSH3, albeit not without significant technical
hurdles. For example, bromide absorbs strongly in the far-
UV, precluding the use of CD to monitor folding, and the
baseline fluorescence of FynSH3 varies strongly with salt
concentration. To minimize these effects, we explored the
full-length protein (to obtain a fittable folded baseline at low
salt) and limited our studies to salt concentrations below 0.25
M (to obtain fittable unfolded baselines). Despite these
limitations the free energy values we obtained are relatively
poorly constrained. Nevertheless, we find that the behavior
of all three of these salts is effectively indistinguishable from

kf ) kobs/[1 + exp(∆Gu/RT)] (2)

∆Gu(I) ) ∆Gu° + meq′I
1/2 (3)
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that of NaCl (Figure 3); all three stabilize FynSH3 with a
square root dependence on ionic strength and with a mean
meq′ value of 3.13( 0.22 kcal/(mol‚M), which is within error

of the value observed for the truncated, N∆3-FynSH3
construct in NaCl.

Sodium chloride accelerates the urea-jump relaxation
kinetics of FynSH3 (Figure 4). The relaxation kinetics of
the N∆3-FynSH3 mutant increase∼5-fold as NaCl concen-
tration is increased from 0 to 2 M (final urea concentration
held constant at 0.82 M) apparently without reaching a
plateau. The mutant is, however, relatively unstable at low
ionic strength, and thus both the folding and unfolding
processes contribute significantly to the observed relaxation
kinetics. Knowledge of the protein’s stability allows us to
deconvolute these two contributions to the relaxation rate
and thus to determine the folding rate of the protein as a
function of salt concentration.

Using the folding free energy and the observed relaxation
rates at each NaCl concentration, we can calculate folding
rates as a function of ionic strength. We find that the
logarithm of the N∆3-FynSH3 folding rate is linear in square
root of ionic strength (r2 ) 0.993):

wherekf° is the folding rate in the limit of 0 M ionic strength
(Figure 4, right). The extent to which salt stabilizes the
folding transition state (mf′, by analogy to the denaturant-
definedmf) is 1.40( 0.06 kcal/(mol‚M1/2). The ratio of this
value to the NaCl-derivedmeq′ (a ratio analogous to the so-
called Tanfordâ-value and thus denotedâDH) is 0.48.
Assuming that this results purely from electrostatic screening
effects, this ratio suggests that, while they are more repulsive
than those in the unfolded state, the electrostatic interactions
formed in the folding transition state are significantly less
repulsive than those formed in the native state. This is
consistent with the dimensions of the folding transition state
being between those of the compact native state and the
relatively expanded denatured state.

FIGURE 2: The stability of N∆3-FynSH3 increases with increasing NaCl concentration. (Left) Equilibrium urea denaturation transitions
were determined by monitoring circular dichroism at 220 nm. The fits (solid lines) assume common, fixed baselines and a fixedm-value.
Folding free energy is thus the only unconstrained variable in the fits. NaCl concentrations are, from left to right, 0, 0.05, 0.1, 0.25, 0.5,
0.75, 1.0, 1.5, and 2.0 M. (Right) As predicted by the Debye-Huckel limiting law, the folding free energy of N∆3-FynSH3 is linearly
dependent on the square root of ionic strength (r2 ) 0.998). Fits of the concentration dependence of folding free energy to hyperbolic (as
predicted for specific ion binding) or linear (as generally observed for chaotropic and kosmotropic effects) relationships are weaker (r2 <
0.987 andr2 < 0.920, respectively), despite the inclusion of an additional floating parameter in the former. Fits to the extended Debye-
Huckel equation (40) are also not statistically significantly improved (data not shown).

FIGURE 3: The folding free energy of full-length FynSH3 is also
approximately linear in square root of ionic strength when NaBr
(filled circles), KCl (open diamonds), or KBr (filled diamonds) is
employed to modulate the ionic strength. The solid line represents
a simultaneous fit of all of the data (r2 ) 0.95) and produces a
slope (meq′) within error of that observed for the shorter, N∆3-
FynSH3 construct when NaCl is employed as the salt. The free
energy values obtained using these salts are relatively poorly
constrained due to systematic errors introduced by extremely limited
folding and unfolding baselines; sensitivity analysis indicates that
typical errors are∼0.1 kcal/mol (data not shown). Denoted by a×
is the free energy observed in the absence of added salt (at an ionic
strength of 5 mM arising due to the buffer).

ln kf(I) ) ln kf° + mf′I
1/2/RT (4)
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We have monitored the effects of the nonionic chaotrope
urea on full-length FynSH3. The data are well fitted (r2 )
0.995) to a two-state chevron equation:

wherekf° andku° are the folding and unfolding rates in the
absence of denaturant andmf andmu are the kineticm-values
for folding and unfolding, respectively (Figure 5). The
Tanfordâ-value,âT ) mf/(mf - mu), is ∼84%, suggesting
that approximately this fraction of the hydrophobic surface
area buried in the native state is buried in the transition state.
This suggests that, in the folding transition state of FynSH3,
hydrophobic interactions may be more significantly consoli-
dated than the equivalent electrostatic interactions.

The effects of the chaotropic salt GuHCl are, not surpris-
ingly, more complex than those of either the effectively
nonchaotropic/kosmotropic salt NaCl or the nonionic chao-
trope urea. Using the full-length FynSH3 domain, we see a
nearly perfect linear relationship between logkf and GuHCl
concentration above 0.5 M denaturant (Figure 6). At lower
denaturant concentrations significant rollover is observed,
such that at below 0.2 M GuHCl increases in denaturant
concentrationacceleratefolding. Assuming that the entire
GuHCl chevron, including the low-denaturant rollover region,
can be described as the sum of an effect that is linear in
GuHCl concentration (representing the chaotropic nature of
the salts) and an effect that goes with the square root of ionic
strength (representing the putative Debye-Huckel effects),
the observed relaxation rates should relate to GuHCl
concentration via the equation:

where mf and mu are the kinetic folding and unfolding
m-values associated with the chaotropic effect andmf′ and
mu′ are the kineticm-values associated with the ionic
character of GuHCl (Table 1). If we assume that themf′ and
mu′ (as meq′ - mf′) of NaCl and GuHCl are identical (as
should be the case for a purely ionic strength effect that
depends on the charge, rather than the chemistry, of the ion),
the linear chevron with rollover curve is well fitted by eq 6
(Figure 6; r2 ) 0.994). From this fit we estimate that the
purely chaotropic effects of GuHCl produce a TanfordâT

FIGURE 4: The folding kinetics of N∆3-FynSH3 accelerate with increasing NaCl concentration. (Left) The solid line represents a fit of the
natural logarithm of the observed relaxation rate (lnkobs) to a power law relationship with an exponent of 0.37( 0.02 (r2 ) 0.994). In
contrast, these observations are somewhat more poorly fit by the square root relationship predicted by the Debye-Huckel limiting law (r2

) 0.977; data not shown) and much more poorly fit by the linear relationship typically observed for chaotropic agents (r2 ) 0.88; data not
shown). At low ionic strength, however, N∆3-FynSH3 is relatively unstable, and thus unfolding rates contribute tokobs, confounding the
relationship between rates and ionic strength. Correcting for this effect (right), we observe that the kinetic folding barrier of N∆3-FynSH3
is, as predicted by the Debye-Huckel limiting law, linearly dependent on the square root of ionic strength (r2 ) 0.993). A constant final
urea concentration of 0.82 M was employed in these experiments.

ln kobs) ln[exp(lnkf° + mf[urea]/RT) +
exp(lnku° + mu[urea]/RT)] (5)

ln kobs) ln[exp(lnkf° + mf[GuHCl]/RT+ mf′I
1/2/RT) +

exp(lnku° + mu[GuHCl]/RT+ mu′I
1/2/RT)] (6)

FIGURE 5: Linear chevron behavior is observed when full-length
FynSH3 is folded or unfolded in the presence of the uncharged
chaotrope urea. The TanfordâΤ value derived from these data
demonstrates that urea destabilizes the folding transition state only
∼84% as effectively as it destabilizes the native state.

Electrostatic Effects in Protein Folding Biochemistry, Vol. 44, No. 4, 20051247



of 0.71, which coincides reasonably well with the 0.84
observed for the purely chaotropic agent urea. If we allow
mf′ andmu′ to float, rather than assuming that the ion charge-
mediated effects of NaCl and GuHCl are identical, we find
that the fitted values obtained from eq 6 are poorly
constrained (Table 1). This occurs because an effect that goes
with the square root of ionic strength is reasonably well
approximated as linear at the high GuHCl concentrations
employed in the unfolding arm of the chevron and, thus,mu

andmu′ are highly cross-correlated. Nevertheless, the chao-
tropicâT and putatively ionicâDH values we derive from this
fit, âT ≈ 0.72 and âDH ≈ 0.50, respectively, coincide
reasonably well with the equivalent values obtained with urea
(âT ) 0.84) and NaCl (âDH ) 0.48), providing additional
support for the additivity of the ionic and chaotropic effects
of GuHCl.

DISCUSSION

The nonchaotropic salts NaCl, NaBr, KCl, and KBr
modulate the stability and folding kinetics of the FynSH3
domain with a linear dependence on the square root of ionic
strength that is consistent with the Debye-Huckel limiting
law. The observed square root dependence is inconsistent
with either specific ion binding events (which would produce

a hyperbolic relationship that is likely to vary from ion to
ion) or chaotropic/kosmotropic effects (which produce linear
relationships). That their free energies fall with increasing
salt concentration suggests that, for both the native and
folding transition states of this protein, electrostatic interac-
tions are net destabilizing, perhaps because of a prominent
cluster of sequence-distant negatively charged residues in
the native state (Figure 1). The ratio of the magnitude of
these effects suggests that the electrostatic contribution to
the relative stability of the folding transition state,âDH, is
∼50% that of its contribution to the native state. This is
consistent with the expanded nature of the transition state
relative to the native state. The equivalent ratio of kinetic to
equilibriumm-values derived using chaotropes,âT, is ∼70-
80%, which suggests that the nativelike hydrophobic interac-
tions in the transition state are significantly more “consoli-
dated” than the equivalent electrostatic interactions.

While salt-induced increases in protein stability are
relatively common (e.g., refs10, 11, and 13-17), the
Debye-Huckel behavior reported here is perhaps surprising
given that the relevant theory is generally thought to hold
only under extremely dilute conditions. Debye-Huckel
scaling of folding free energy may, nevertheless, be a fairly
common phenomenon. For example, the stability of the
S-peptide/S-protein complex (14), MetJ (18), and the H2A-
H2B histone dimer (Figure 6 of ref10) have been shown to
depend on the square root of ionic strength when NaCl is
employed. Similarly, while the ability of Debye-Huckel
behavior to account for the salt dependencies of their stability
has not been reported, inspection of the relevant published
data suggests that the equilibrium folding of RNase T1
(Figure 2 of ref19, but see also ref20), RNase A (Figure 2
of ref 20), cspB (Figure 3 of ref15), the Caspase recruitment
domain (Figure 4 of ref15), and apoflavodoxin (Figure 4,
lower panel, of ref21) also exhibits at least approximately
square root dependencies on ionic strength across widely
ranging NaCl concentrations. Given the generally held
opinion that the Debye-Huckel limiting law fails above even
modest salt concentrations, the generality of this observation
and, indeed, whether it truly reflects Debye-Huckel elec-
trostatic effects may be of significant interest to the theoreti-
cal community.

The issue of Debye-Huckel scaling in protein folding
kinetics is even more poorly explored but may also prove
common. Two well-established examples involving NaCl
have been reported to date: the rate of the slower of two
folding phases of hen egg white lysozyme is reported to obey
Debye-Huckel scaling (22), as is the rate of S-peptide
association with the S-protein (14). Similarly, while square
root dependence has not been explicitly reported for the
folding of other proteins, inspection of the relevant published
data suggests that the folding of cytochromec551 (Figure 4
of ref 23) and the unfolding of RNase T1 (Figure 5 of ref
19, but see also ref20) also appear to exhibit at least
approximately square root dependencies on ionic strength,
suggesting that these systems, too, may obey the Debye-
Huckel limiting law.

The discrepancy between the electrostaticâDH and chao-
tropic âΤ values, which presumably represent the “degree
of consolidation” of electrostatic and hydrophobic interac-
tions in the folding transition state, may also prove to be
common. For example, Luisi and Raleigh have used the pH

FIGURE 6: While linear chevron behavior is observed above 1 M
GuHCl, significant kinetic rollover is observed in the folding of
full-length FynSH3 at lower denaturant concentrations. This devia-
tion arises because, in addition to being a chaotrope (which produces
a linear relationship between lnk and denaturant concentration),
GuHCl is also a salt, which produces square root Debye-Huckel
dependence. The solid line is a fit to the sum of these two effects
(eq 4), assuming that the ionic effects of NaCl and GuHCl are
identical (i.e., using NaCl-derivedmf′ andmu′ values obtained from
the data in Figures 2 and 4). The reasonably good fit of this line
suggests that Debye-Huckel electrostatic effects play a significant
role in generating the observed rollover, although a hyperbolic,
specific binding effect cannot be ruled out. A fit limited to the linear
region of the chevron (dashed line) largely ignores the rollover
effects and consequently overestimates the folding rate in the
absence of denaturant by a factor of∼5. The diamonds denote
directly measured rates, whereas the circles denote urea-extrapolated
rates.
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dependence of native state stability and folding rates to
determine that the electrostatic interactions of glutamate and
aspartate are only one-third as well formed in the folding
transition state of the protein NTL9 as they are in the native
state (24). This contrasts significantly with the 0.64 ratio
reported for the extent of hydrophobic burial (as measured
by the effects of urea). Similar pH- and chaotrope-derived
inconsistencies occur in the folding of CI2 [0.28 versus 0.60
(25, 26)] and barnase [0.47 versus 0.75 (26, 27)]. Only for
the protein CTL9 (28) do the pH- and chaotrope-derived
â-values approach equality (atâ ∼ 0.6). Given that the
formation of the hydrophobic interactions is thought to
require close physical contact between residues, in contrast
to the much longer range of electrostatic forces, the origins
of this relatively general inconsistency may not be trivial. It
presumably arises, however, due to the nonuniform distribu-
tion of charged and hydrophobic residues along the polypep-
tide chain, which allows favorable hydrophobic interactions
to form without requiring the commensurate formation of
unfavorable electrostatic interactions (24, 26).

The effects of the chaotropic salt GuHCl on the (log)
folding kinetics of the FynSH3 domain are reasonably well
fitted as the sum of two effects, one of which is linear in
concentration, presumably reflecting the chaotropic character
of the salt, and one that exhibits a square root dependence
expected for electrostatic screening. A similar linear plus
square root dependency has been reported for the effects of
GuHCl on the rate and thermodynamics of S-peptide
association with the S-protein (14), and a dual linear model
has been reported to fit the thermodynamics of helix
formation (29). Above 1 M GuHCl the square root depen-
dence begins to approximate linear dependence, and thus the
sum of these two effects is also well approximated as linear.
This accounts for the linear chevron behavior observed (4,
25) for most small proteins in GuHCl. As shown here,
however, a square root dependence can dominate the shape
of the chevron at very low GuHCl concentrations, producing
significant rollover. Because of this, GuHCl chevrons col-
lected only over the linear region overestimate the folding
rate of FynSH3 in the absence of denaturant by a factor of
∼5 and underestimate unfolding rates by a factor of∼20
(compare Figure 5 versus Figure 6). GuHCl-induced over-
estimates or underestimates of folding and unfolding rates
have previously been reported for other proteins (e.g., refs
23, 30, and31), as has similar rollover in GuHCl dependence
of the folding free energy of ubiquitin (32) and acid-unfolded
apomyoglobin and cytochromec (33).

The low ionic strength buffer we have employed enhances
the observed kinetic rollover, which even under these
favorable conditions is apparent only at relatively low
denaturant concentrations. This is highlighted by the work
of Raleigh and co-workers (24, 28), who report that in the
presence of 100 mM NaCl the folding of both the N- and
C-terminal domains of ribosomal protein L9 exhibits per-

fectly linear chevron behavior down to 0 M GuHCl.
Nevertheless, it is quite possible that, for proteins exhibiting
significantly greater electrostatic repulsion than FynSH3, this
effect could be apparent even at higher ionic strengths. Our
results thus suggest that, as is true with GuHCl melt-derived
stability measurements (e.g., refs19, 20, 38, and39), caution
is in order when extrapolating GuHCl-based chevrons to
estimate folding rates in the absence of denaturant and in
interpreting deviations from chevron linearity as evidence
for non-two-state kinetics.
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