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ABSTRACT: The traditional approach to studying protein folding involves applying a perturbation, usually
denaturant or mutation, and determining the effect upon the free energy of folding,∆G0, and the activation
free energy,∆G*. Data collected as a function of the perturbation can be used to construct rate equilibrium
free-energy relationships, which report on the development of interactions in the transition state for folding.
We examine the use of the ionic-strength-dependent rate equilibrium free-energy relationship in protein
folding using the N-terminal domain of L9, a smallR-â protein, as a model system. Folding is two-state
for the range of ionic strength examined, 0.045-1.52 M. The plot of∆G* versus∆G0 is linear (r2)
0.918), with a slope equal to 0.45. The relatively low value of the slope indicates that the ionic-strength-
dependent interactions are modestly developed in the transition state. The slope is, however, greater than
that of a plot of∆G* versus∆G0 constructed by varying pH, thus demonstrating directly that ionic-
strength-dependent studies probe more than simple electrostatic interactions. Potential transition movement
was probed by analysis of the denaturant, ionic strength cross-interaction parameters. The values are
small but nonzero and positive, suggesting a small shift of the transition state toward the native state as
the protein is destabilized, i.e., Hammond behavior. The complications that arise in the interpretation of
ionic-strength-dependent rate equilibrium free-energy relationships are discussed, and it is concluded that
the ionic-strength-dependent studies do not provide a reliable indicator of the role of electrostatic
interactions. Complications include incomplete screening of electrostatic interactions, specific ion binding,
Hofmeister effects, and the potential presence of electrostatic interactions in the denatured state ensemble.

The characterization of the structure and energetics of the
transition-state ensemble (TSE)1 is a central issue in bio-
physical studies of protein folding, particularly for single-
domain structures, which fold in a two-state fashion (1-5).
Experimental investigations often make use of so-called rate
equilibrium free-energy relationships (REFERs) (6-9). In
the simplest case, a linear relationship is observed between
the change in the logarithm of the folding rate, lnkf, with a
perturbation and the change in the logarithm of the equilib-
rium constant, lnK, with the same perturbation. The ratio

defines the interaction parameterR, wherex denotes the

perturbation. The observation of constantRx values over a
broad range of∆G0 argues that the barrier is narrow and
well-defined along the reaction coordinate being probed (6,
9). Nonlinear relationships between∆G* and∆G0 can also
be observed. Nonlinearities can result from a variety of
factors: (i) the movement of the transition state along a broad
barrier, (ii) a change in the rate-limiting step of a sequential
pathway, (iii) changes in parallel pathways, and (iv) a change
of one or both of the ground states induced by the
perturbation (6).

If x is the concentration of the denaturant, the relationship
is simply the well-known Tanfordâ parameter (âT or θm),
which defines the position of the TSE relative to a dimen-
sionless order parameter that reports upon the relative
compactness of the transition state (10). Other examples
albeit less commonly employed ones, include temperature,
pressure, and pH. Temperature-dependent studies defineRT,
which is equal to∆S*/∆S0, where ∆S* is the activation
entropy and∆S0 is the equilibrium change in entropy (11-
13). Pressure-dependent studies yieldRp ) ∆V*/∆V0 and
probe the change in volume of the system at the TSE,∆V*,
relative to the total volume change associated with folding,
∆V0 (14). pH-dependent investigations provide a global view
of the development of interactions involving titratable groups
(15-17). RpH is formerly equal to∆Q*/∆Q0, where∆Q* is
the difference in the number of protons bound to the TSE
and denatured state ensemble (DSE), while∆Q0 is the
difference between the number of protons bound to the folded
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state and the protons bound to the DSE. The concept can be
extended to include mutations as a perturbation (2, 3, 6, 17).
Within this context, the commonly employedæ values,æ
) ∆∆G*/∆∆G0, can be viewed as a linear REFER defined
by two points, the wild type and mutant.

æ values are widely used in protein folding to probe the
development of interactions at the level of individual residues
and can, if denatured state effects are not important, be used
to define the fractional development of side-chain interactions
(1-3, 6, 17, 18). Theæ-value methodology has been applied
to a large number of proteins, andâT has been measured for
even more. There have been surprisingly few investigations
of the development of electrostatic interactions during protein
folding despite the fact that they can be important for stability
and can play a key role in specifying a unique structure (15,
16, 19-32). A number of investigations have relied on the
pH dependence of protein folding to probe the development
of electrostatic interactions (15, 16, 19, 20, 23). Compli-
mentary information might, in principle, be obtained from
ionic-strength-dependent studies; however, these have been
relatively rare (33-37). Furthermore, their analysis can be
complicated because variation in the ionic strength can affect
more than charge-charge interactions; specific binding may
occur, and Hofmeister effects might contribute (26, 36-41).
There is another important but often unappreciated additional
complication with the analysis of ionic-strength-dependent
studies, namely, that not all charge-charge interactions will
be equally screened by salt even if the interacting groups lie
on the surface of the protein. Interactions involving well-
separated charges are screened more effectively than those
involving charges that are in close proximity, and there are
even examples of charge-charge interactions that are not
screened by salt. This effect has been observed independently
by several groups in both computational and experimental
studies (41-43). In a qualitative sense, this can arise if the
groups in question lie close to each other and the ion cloud
does not interpenetrate.

Application of the REFER approach to ionic-strength-
dependent studies offers the advantage that it does not depend
upon the assumption of a particular physical model, such
as, for example, a Debye-Hükel-type approach, or the
validity of a particular theory of ionic solutions (33). The
REFER analysis has not yet been applied to ionic-strength-
dependent studies of protein folding. In the present work,
we analyze the ionic strength dependence of the folding of
a smallR-â protein, the N-terminal domain of the ribosomal
protein L9 (NTL9), and show that ionic strength can be used
to define a REFER. NTL9 has been the subject of extensive
folding studies, and the development of electrostatic interac-
tions in the TSE have been characterized by pH-dependent
studies (13, 19, 32, 43-45). Thus, NTL9 offers an ideal test
case to assess if ionic-strength-dependent REFERs can be
interpreted in terms of the development of just electrostatic
interactions. The folding of NTL9 has been well-studied by
more traditional approaches, and the folding of the core split
â-R-â motif is two-state over a wide range of conditions,
making it a useful model system for biophysical studies.

MATERIALS AND METHODS

Protein Expression and Purification.NTL9 was overex-
pressed in the BL21(DE3) strain ofEscherichia coliand

purified by ion-exchange chromatography and reverse-phase
high-performance liquid chromatography (HPLC) as previ-
ously described, with the exception that trifluoroacetic acid
(TFA) was avoided during the HPLC purification stage (30).
TFA is difficult to remove, and we wanted to avoid variations
in ionic strength because of the associated TFA counterion.
The identity of the peptide was confirmed by matrix-assisted
laser desorption ionization time-of-flight (MALDI-TOF)
mass spectrometry (expected, 6219.3; observed, 6218.9).

Protein-Stability Measurements.Protein stability was
determined by chemical denaturation monitored by circular
dichroism (CD) at 222 nm. Measurements were made using
an Aviv Instrument model 202SF spectrometer. Denaturation
experiments were performed in 20 mM sodium acetate
(NaAc) buffer with different salt concentrations at pH 5.5
and 25°C. The protein concentration was about 20µM. Urea
was chosen as the denaturant because it is non-ionic. The
data from chemical denaturation experiments were fit as plots
of ellipticity versus the denaturant concentration to the
following equation:

whereθ is the ellipticity,T is the temperature,R is the gas
constant,∆G0 is the free energy of unfolding,an andbn are
used to define the ellipticity of the native state, andad and
bd are used to define the ellipticity of the denatured state.
The free energy of unfolding is assumed to be a linear
function of the denaturant concentration (46, 47)

The linear relationship has been shown to be valid for NTL9
(44). At the highest salt concentrations, the curves did not
have good post-transition baselines, making the fits difficult.
In these cases, the stability was estimated by determining
the concentration of urea at the midpoint,cM, by numerically
differentiating the curve.∆G0(H2O) was calculated via

wheremavg is the averagemvalue for data collected between
0 and 1.0 M added salt. The ionic strength of the solutions
was calculated using the standard expression

wheremk is the molar concentration andzk is the valency of
ionic speciesk.

Kinetic Folding Studies.Protein folding and unfolding
rates were determined by fluorescence stopped-flow experi-
ments using an Applied Photophysics Model SX.18MV
instrument. The fluorescence signal of the single tyrosine at
position 25 of NTL9 was followed. The excitation wave-
length was 280 nm, and the fluorescence signal above 305
nm was recorded using a cutoff filter. All experiments were
done in a 20 mM sodium acetate buffer at pH 5.5 with
different salt concentrations at 25°C. Final protein concen-
trations were about 50µM. For refolding studies, the peptide

θ ) (an + bn[denaturant])+

(ad + bd[denaturant]e-(∆G0[denaturant])/RT)

1 + e-(∆G0[denaturant])/RT
(2)

∆G0 ) ∆G0(H2O) - meq[denaturant] (3)

∆G0(H2O) ) cMmavg (4)

I )
1

2
∑

k

mkzk
2 (5)
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was dissolved in 9-10 M urea and folding was initiated by
mixing with 10 volumes of buffer with a low concentration
of denaturant. For unfolding studies, the peptide was dis-
solved in native buffer and unfolding was initiated by mixing
with solutions of a high denaturant concentration. Four or
five fluorescence traces were typically averaged at each
concentration of denaturant. The resulting trace was fit to a
single exponential to determine the observed rate constant
(kobs). Plots of lnkobs versus the denaturant concentration,
so-called chevron plots, were fit to the following equation
to obtain the folding and unfolding rates in the absence of
the denaturant:

whereku
H2O andkf

H2O are the unfolding and folding rates in
the absence of the denaturant,mf andmu describe how ln(kf)
and ln(ku) are dependent upon the concentration of the
denaturant.mf is widely thought to report on the change in
solvent-accessible surface area between the DSE and TSE,
while mu reports on the change in surface area between the
native state and TSE (10, 47). Only the folding branch was
collected at higher concentrations of salt because the unfold-
ing branch is so small that the fitted parametersku andmu

are not reliable.

RESULTS AND DISCUSSION

NTL9 as a Model System.NTL9 is a basic protein with
11 Lys, 1 Arg, and 6 acidic residues. The domain forms one
of the simplest examples of the splitâ-R-â motif (Figure
1). The fold consists of a three-stranded antiparallelâ sheet
with a shortR helix connecting strands two and three. The
ordered loop connecting the first and secondâ strand is rich
in Lys. The second helix forms the long interdomain
connector between the N- and C-terminal domains. The
construct used here consists of residues 1-56 of the intact
protein. The final few residues of the C-terminal helix are
frayed in solution (45). The acidic residues in NTL9 are well-
distributed across the surface, and only one, D23, appears
to be involved in a well-defined pairwise interaction, namely,

a salt bridge with the N terminus (Figure 2) (43). Analysis
of the native state pKa values shows that D8, E17, and D23
have pKa values below model compound values, indicating
that they are involved in favorable electrostatic interactions
in the native state (27). A surface representation coded by
charge is displayed in Figure 2.

Stability Studies.The stability of NTL9 was measured by
CD-monitored urea denaturation as a function of the salt
concentration over a range of 0-1.5 M. A total of 21
different measurements were made at 10 different values of
the ionic strength. Urea was used because guanidine HCl is
a salt and will change the ionic strength. All experiments
were performed at pH 5.5 because previous folding studies
were conducted at this pH. NTL9 is a small protein and this
leads to a relatively broad urea-induced unfolding transition,
that, in turn, causes problems with the post-transition
baselines at the highest salt concentration. The stability was
determined by directly fitting the curve to eq 2 for salt
concentrations below 1.0 M. The midpoint of the urea-
induced unfolding transition,cm, can be estimated even with
a poor post-transition baseline. This allows for the stability
at high salt concentration to be determined using eq 4 and
the average value ofmeq. The equilibriumm value,meq, is
independent of the ionic strength to within the experimental
precision. Themeq value is related to the change in solvent-
accessible surface area between the native state and DSE.
The observation that themeq value is independent of the ionic
strength argues that there is no significant change in the
compactness of the DSE at a high salt concentration. At first
glance, this may seem surprising because the DSE of NTL9
is expected to have a net charge near+6 at pH 5.5, and
thus, reduction of electrostatic interactions via screening
might be expected to lead to compaction. However, there
are also specific electrostatic interactions that favor a compact
DSE, and these too should be screened by a high salt
concentration favoring expansion at high salt (27, 32). Thus,
the two competing effects conspire to reduce the dependence
of meq on the ionic strength. The stability increased from
4.16 to 5.53 kcal/mol over the range of salt concentrations
studied, indicating that ionic-strength-dependent interactions
make a net unfavorable contribution to∆G0 under these
conditions (Table 1). Plots of the apparent fraction of
unfolded versus [urea] at different salt concentrations are
shown in Figure 3. The plots of ellipticity versus [urea]
together with the associated fits are included in the Sup-
porting Information.

FIGURE 1: Ribbon diagram of NTL9. The acidic and basic residues
are shown in a stick format. The diagram was constructed using
the PDB file 2HBB and MolMol. The last few residues of NTL9
are disordered in the X-ray structure. Thus, the position of Glu54
and the C terminus are not shown.

ln(kobs) ) ln(kf
H2Oe-(mf[denaturant])+ ku

H2Oe(mu[denaturant]))
(6)

FIGURE 2: Color-coded surface representation of NTL9 showing
the distribution of positively charged (blue) and negatively charged
(red) residues. A and B differ by 180° rotation around thez axis.
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Salts can modulate protein stability by changes in the ionic
strength, by specific binding, and via Hofmeister effects (26,
28, 36-40). In theory, although often not in practice, the
functional form of the dependence of∆G0 upon the ionic
strength,I, yields information about the mechanism of ionic
strength effects. Specific binding leads to a linear dependence
of ∆G0 upon I when the ligand concentration is abovekd.
Evidence against specific binding is provided by studies that
examined the effect of varying the anion and cation. It is
easy to vary the cation using KCl. Variation of the anion is
more problematic because the absorbance of Br- or I- causes
problems, and sulfate introduces complications because it
nonspecifically stabilizes proteins via preferential exclusion.
We conducted additional measurements at a total ionic
strength of 120 mM using 20 mM sodium acetate with 100
mM KCl, 100 mM NaBr, 100 mM NaF, 100 mM NaAc,
and 33 mM Na2SO4. The measured stability was in excellent

agreement with that determined using NaCl to adjust the ionic
strength (Table 1). Additional measurements were made at
770 mM total ionic strength using 750 mM KCl and 250
mM Na2SO4. The agreement with the NaCl data is good.

The ionic strength dependence of electrostatic screening
is complicated. Some workers have used a simple Debye-
Hükel limiting law xI dependence expected for the activity
coefficient of an ion at very dilute salt concentrations (33).
It is not at all obvious why such a relationship should be
expected to describe the variation of∆G0 with the ionic
strength over the range of salt concentrations used in protein
stability studies. It is also worth bearing in mind that it can
be difficult to distinguish between anxI dependence and a
linear dependence uponI, such as that expected for classic
Hofmeister effects (39). Electrostatic screening has also been
modeled using a Columbic potential with a Debye screening
term derived from model-dependent solution of the linearized
Poisson-Boltzmann equation (42)

whereUc is the columbic potential for two charges separated
by a distancerij in a medium of dielectric constantε. κ is
the Debye parameter, which is related to the Debye screening
length. κ is proportional toxI/εT, where I is the ionic
strength andT is the absolute temperature. The relationship
predicts that the screening of pairwise charge-charge

interactions should have aAe-xI dependence on the ionic
strength, ignoring the small contribution from the salt effect
on ε. This simple relationship has been successfully used to
rationalize salt-dependent pKa shifts even for salt concentra-
tions well above the expected range of validity of the
Debye-Hükel model. Note that eq 7 does not predict that
∆G0 will decrease with an increasing ionic strength because
both favorable and unfavorable electrostatic interactions will
be screened. If the electrostatic free energy can be written

Table 1: Summary of the Kinetic and Thermodynamic Dataa

added saltb
∆G0 c

(kcal mol-1)
meq

(kcal mol-1 M-1)
kf

(s-1)
mf

(kcal mol-1 M-1) âT

no salt 4.16( 0.040 0.65( 0.010 820( 30.0
760( 20.0
750( 30.0

0.44( 0.010
0.45( 0.010
0.41( 0.010

0.67( 0.010
0.69( 0.010
0.63( 0.010

0.025 M NaCl 4.21( 0.120 0.65( 0.020 820( 40.0 0.44( 0.010 0.67( 0.010
0.05 M NaCl 4.15( 0.070 0.63( 0.010 910( 20.0

860( 30.0
0.45( 0.010
0.44( 0.010

0.71( 0.010
0.69( 0.010

0.1 M NaCl 4.34( 0.080 0.66( 0.010 950( 30.0
990( 40.0

0.46( 0.010
0.47( 0.010

0.69( 0.010
0.71( 0.010

0.15 M NaCl 4.20( 0.070 0.63( 0.010 840( 30.0 0.42( 0.020 0.66( 0.020
0.25 M NaCl 4.62( 0.040 0.67( 0.010 900( 30.0 0.40( 0.010 0.59( 0.010
0.5 M NaCl 4.70( 0.040 0.66( 0.010 1190( 70.0 0.43( 0.010 0.65( 0.010
0.75 M NaCl 5.04( 0.090 0.68( 0.010 1450( 140.0 0.42( 0.010 0.61( 0.010
1 M NaCl 5.05( 0.050 0.66( 0.010 1880( 170.0 0.43( 0.010 0.65( 0.010
1.5 M NaCl 5.53( 0.060 0.66( 0.010 2060( 110.0

2580( 120.0
0.40( 0.010
0.42( 0.010

0.60( 0.010
0.63( 0.010

0.1 M NaAc 4.50( 0.320 0.66( 0.060 1060( 30.0 0.46( 0.010 0.69( 0.040
0.1 M NaF 4.47( 0.200 0.67( 0.030 1040( 30.0 0.46( 0.010 0.68( 0.010
0.1 M KCl 4.41( 0.200 0.68( 0.030 1030( 30.0 0.47( 0.010 0.69( 0.010
0.75 M KCl 4.99( 0.050 0.72( 0.080 1370( 140.0 0.48( 0.020 0.66( 0.040
0.033 M Na2SO4 4.45( 0.120 0.65( 0.030 860( 40.0 0.46( 0.010 0.70( 0.020
0.25 M Na2SO4 4.75( 0.04 0.71( 0.060 1240( 90.0 0.43( 0.010 0.60( 0.040

a Studies were conducted in 20 mM NaAc at pH 5.5 and 25°C. b All samples contained 20 mM NaAc in addition to the added salt. Thus, the
ionic strength is 20 mM larger than the values determined by the listed salt concentration. The numbers after the( symbol represent the standard
error to the fit.c Determined from equilibrium unfolding as described in the Materials and Methods.

FIGURE 3: Plots of the fraction of unfolded versus [urea] at various
concentrations of NaCl. The ionic strength increases from left to
right. Measurements were made in 20 mM sodium acetate at pH
5.5 and 25°C. The concentration of added NaCl were 0, 0.025,
0.05, 0.1, 0.15, 0.25, 0.5, 0.75, 1, and 1.5 M from left to right.

Uc(rij)e
-
κ

rij (7)
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as the sum of a set of pairwise terms, then the effect of

increasing the ionic strength should follow aAe-xI depen-
dence, whereA is independent of the ionic strength. Figure
5 compares plots of∆G0 versusI, xI, and Ae-xI. In all
three cases, the data appear to be well-fit. The plot of∆G0

versusxI appears linear, with ar2 value of 0.904. Plotting
∆G0 versusI also yields a linear plot, withr2 ) 0.908.

Plotting∆G0 versusAe-xI also yields a linear plot, withr2

) 0.873. A comparison of the plots highlights the practical
difficulty in distinguishing between anI or other dependence
of ∆G0 on the ionic strength. This is a general difficulty
with ionic-strength-dependent studies and is not specific for
NTL9. This is formally irrelevant to the REFER analysis.

Dependence of the Folding Rate upon Ionic Strength.The
folding rate of NTL9 was determined for each of the samples
used for the stability studies (Table 1). The rate increased
with the ionic strength, although the effect upon lnkf was
less than the effect upon∆G0-/RT (i.e., ln K). The effects
of varying the composition of the salt were tested in exactly
the same way as used for the stability studies. The effect on
the rate constant varied with the ionic strength and not with
the choice of salt for the points tested. Plots of the
dependence of the natural logarithm of the observed first-
order rate constant, lnkobs, versus [urea], “chevron plots”,
collected at 0.1 and 1 M [NaCl] are shown in Figure 4. The
plots have the typical V shape expected for two-state folding,
with no observable rollover at a low denaturant concentration.
The stability calculated fromkf andku is in good agreement
with the values determined by equilibrium measurements:
4.12 kcal/mol from the kinetic measurements, 4.34 kcal/mol
for the equilibrium measurements at 100 mM added salt,
and 5.02 kcal/mol versus 5.05 kcal/mol for the kinetic and
equilibrium values at 1 M NaCl. Themeq values measured
in the equilibrium studies are also in very good agreement
with the values calculated from the kinetic parametersmf

andmu.

A plot of ln kf versusxI is shown in Figure 6. The plot
is well-fit to a straight line, withr2 ) 0.900. The data can

also be fit to anAe-xI dependence, withr2 ) 0.845. A
linear dependence onI also nicely fits the data, withr2 )
0.918, making it difficult to distinguish between classic
Debye-Hükel behavior and an alternate salt dependence.
Again, this highlights the difficulties in analyzing ionic-
strength-dependent data, but once again, this is formally
irrelevant for REFER analysis.

REFER Analysis of the Effects of the Ionic Strength.The
data presented in the proceeding two subsections highlight
the difficulties that can arise in trying to deduce if salt-
dependent folding and/or stability data follow the Debye-
Hükel relationship. The REFER analysis is not affected by
these considerations because it simply seeks to deduce how
ln kf varies with lnK. A Leffler plot of ln kf versus lnK is
shown in Figure 7 (6, 48, 49). The parameter

defines the ionic strengthR value. There is an excellent linear
relationship with slope,RI ) 0.45( 0.030,r2 ) 0.918. The
modest value ofRI indicates that salt-dependent interactions

are only partially developed in the transition state for folding.
Interestingly,RI is noticeable smaller thanâT (0.65) and
∆Cp

*/∆Cp (0.60), parameters which report on the burial of
the surface area (13). However, the slope of the Leffler plot,
RI, is larger thanRpH ) 0.33, determined from pH-dependent
studies (19).

There is, within the precision of the data, no hint of
deviation from linearity in a plot ofRI versus∆GI

0. A linear
plot is expected for narrow transition-state barriers; however,
it can be difficult to detect deviations from linearity (6).
Cross-interaction parameters can be more sensitive probes
of transition-state movement (6, 9). The cross-interaction
parameter,Rxy, is defined by

where the subscriptsx andy refer to different perturbations
(6). The data presented here can be used to calculate the
cross-interaction parameter relating ionic strength and de-
naturant. Plots ofRI versus∆Gurea

0 and âT versus∆GI
0 are

shown in Figure 8. The subscript urea indicates that the free
energy is varied by changing the concentration of denaturant,
and the subscript I indicates that ionic strength is used to
change∆G0. The slope of theRI versus∆Gurea

0 plot is the

RI ) (∂∆G*

∂I )/(∂∆G0

∂I ) (8)

FIGURE 4: Plots of lnkobsversus [urea], “chevron plots”, for NTL9.
(A) 100 mM NaCl and (B) 1 M NaCl. All experiments were
conducted at pH 5.5 and 25°C in 20 mM sodium acetate. Thus,
the ionic strength was 0.12 M for A and 1.02 M for B.

∂Rx

∂∆Gy
0

) ∂
2∆G*

∂∆Gx
0
∂∆Gy

0
(9)
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cross-interaction parameter∂2∆G*/∂∆Gurea
0

∂∆GI
0, while the

slope of the plot ofâT versus∆GI
0 is ∂2∆G*/∂∆GI

0
∂∆Gurea

0 .
Both plots are linear with positive slope, although the
scattering in theâT versus ∆GI

0 plot coupled with the,
necessarily, limited range of the data leads to a weak
correlation (r2 ) 0.404). There is a strong correlation between
RI and∆Gurea

0 (r2 ) 0.9997). The slopes of the two plots are
essentially equal as expected for cross-interaction parameters,
and the magnitude of the slope is comparable to cross-

interaction parameters determined in other systems (6). The
positive cross-interaction parameters are consistent with the
Hammond effect, i.e., movement of the transition state
toward the native state upon destabilization.

CONCLUSIONS

The REFER analysis described here indicates that salt-
dependent interactions are moderately developed in the
transition state compared to the burial of the hydrophobic

FIGURE 5: Plots of∆G0 versus (A)I, (B) xI, (C) Ae-xI. Data
were collected at pH 5.5 in 20 mM sodium acetate at 25°C. NaCl-
dependent data is indicated asO; KCl-dependent data is indicated
as0; and NaF-dependent data is indicated as3.

FIGURE 6: Plots of lnkf versus (A)I, (B) xI, (C) Ae-xI. Data
were collected at pH 5.5 in 20 mM sodium acetate at 25°C. NaCl-
dependent data is indicated asO; KCl-dependent data is indicated
as0; and NaF-dependent data is indicated as3.
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surface area. This seems reasonable because the charged
residues in NTL9 all lie on the surface, while the hydrophobic
groups are buried in the structure. Previous work involving
modification of the hydrophobic core residues of NTL9
showed that there was an excellent correlation between the
change in hydrophobicity caused by a modification and the
change in the logarithm of the folding rate, while there was
a much weaker relationship between the variation in the size
and shape of the residues. This argues that the transition state

involves the sequestering of hydrophobic groups while tight
specific packing occurs on the downhill side of the barrier
(50). Amide H/D isotope effect studies also indicate signifi-
cant hydrogen-bonded structure in the transition state (51).
When these studies are taken together, they suggest that the
TSE of NTL9 contains a fairly well-structured backbone
stabilized by a more loosely packed hydrophobic core. In
this model, most of the charged residues are expected to be
fluxional, solvated, and not involved in specific native
interactions. In other words, in terms of solvation and
conformational flexibility, the charged residues are in a more
DSE-like environment rather than a native-like environment.
There is at least one fairly specific interaction involving
charged residues, which appears to be formed in the TSE.
Mutational analysis of a set of Lys to Met and acidic to amide
mutants showed that K12 and D8 are involved in non-native
interactions in the DSE and indicated that these interactions
are still present, although slightly weaker, in the TSE (31,
32). The presence of non-native interactions in the TSE or
DSE cannot be inferred directly from ionic-strength-depend-
ent studies; however, this does not affect the REFER analysis.
It can, however, affect the interpretation of the origins of
any REFER. The persistence of this interaction contributes
to the “DSE-like” character of the salt-sensitive interactions
in the transition state.

A key question of interest is whether or not the salt
dependence of the stability and activation free energy of
NTL9 is due to screening of electrostatic interactions. It is
clearly not easy to distinguish between a dependence onI

versus a dependence ofxI or Ae-xI, but nevertheless, we
believe that part of the salt effects arise from screening,
especially at low salt. First, the control experiments are
consistent with a dependence on the total ionic strength and
not the composition of the ion. This argues against specific
ion binding as the origin of the observed effects. Second,
the primary ions used, Na+, K+, Cl-, and Br-, all fall in the
middle of the Hofmeister series and are relatively nonchao-
tropic and nonkosmotropic. These Hofmeister effects are
expected to be modest at least for the lowest salt concentra-
tions. They are expected to play a more important role as
the salt concentration increases. On the other hand, pH-
dependent studies yield anRpH value of 0.33, which is clearly
smaller thanRI. pH-dependent studies report on the develop-
ment of electrostatic interactions and do not suffer from the
same problems in interpretation that ionic-strength-dependent
studies do. The larger value ofRI related toRpH could arise
from a contribution of nonelectrostatic interactions to the
REFER, i.e., Hofmeister effects. These would be expected
to increaseRI because, as described above, hydrophobic
interactions play a key role in the folding of NTL9.
Alternatively,RI could be dominated by electrostatic screen-
ing but could still be different fromRpH because some
interactions in the TSE or native state may not be screened
by salt. Along these lines, it is interesting to note that the
one specific pairwise charge-charge interaction in the native
state, the salt bridge between the N terminus and D23, has
been shown to be insensitive to screening by salt (43).
Clearly, the common practice of assuming that ionic strength
effects are only due to the screening of electrostatic interac-
tions and that salt screens all electrostatic interactions equally
is not correct.

FIGURE 7: Leffler plot of ln kf versus lnK for the ionic-strength-
dependent data. The slope is 0.45, withr2 )0.918.

FIGURE 8: Analysis of cross-interaction parameters. (A) Plot ofRI

versus∆Gurea
0 , slope) 0.052 mol kcal-1, and r2 ) 0.9997. (B)

Plot of âT versus∆GI
0, slope) 0.056 mol kcal-1, andr2 ) 0.404.
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The analysis of the cross-interaction parameters is con-
sistent with a salt-induced Hammond effect. Finally, we note
that the study described here illustrates the power of the
REFER approach even when it is impossible to determine
prior if ln kf or ln K follows a Debye-Hükel-like relationship.
In addition, the REFER analysis allows potential transition-
state movement to be probed, and the variation of ionic
strength provides a convenient method for measuring self-
and cross-interaction parameters.
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