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Effect of Salts on the Stability and Folding of Staphylococcal Nuclease
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ABSTRACT. The stability and folding kinetics of wild-type and a mutant staphylococcal nuclease (SNase)

at neutral pH are significantly perturbed by the presence of moderate to high concentrations of salts. Very
substantial increases in stability toward thermal and urea denaturation were observed; for example, 0.4 M
sodium sulfate increased the free energy of wild-type SNase by more than 2 kcal/mol. For the NCA
SNase mutant, the presence of the salts abolished the cold denaturation observed at neutral pH with this
variant, and substantially increased its stability. Significant effects of salts on the kinetics of refolding
were also observed. For NCA SNase, the presence of the salts markedly increased the folding rates (up
to 5-fold). On the other hand, chloride, in particular, substantially decreased the rate of folding of the
wild-type protein. Since the rates of the slow phases due to proline isomerization were increased by salt,
these steps must be coupled to conformational processes. Fluorescence energy transfer between the lone
tryptophan (Trp140) and an engineered fluorescent acceptor at residue 64 revealed that the addition of a
high concentration of KCI led to the formation of a transient folding intermediate not observed at lower
salt concentrations, and in which residues 140 and 64 were much closer than in the native state. The
salt-induced effects on the kinetics of folding are attributed to the enhanced stability of the transient
folding intermediates. It is likely that the combination of the high net charge, due to the high isoelectric
point, and the relatively low intrinsic hydrophobicity, leads to staphylococcal nuclease having only marginal
stability at neutral pH. The salt-induced effects on the structure, stability, and kinetics of staphylococcal
nuclease are attributed to the binding of counterions, namely, anions, resulting in minimization of
intramolecular electrostatic repulsion. This leads to increased stability, more structure, and greater
compactness, as observed. Consequently, localized electrostatic repulsion is present at neutral pH in SNase,
probably contributing to its marginal stability. The results suggest that, in general, marginally stable globular
proteins will be significantly stabilized by salts under conditions where they have a substantial net charge.

The relative role of the contribution of electrostatic Previously, we have shown that many proteins are sig-
interactions to protein stability, compared to that of hydro- nificantly unfolded at low pH due to charg&harge repul-
phobic interactions, has been the subject of long-standingsion emanating from multiple positively charged ammonium
controversy {). Part of the difficulty in discriminating the  groups, and that the addition of low concentrations of anions
contributions from electrostatic effects stems from the fact leads to substantial refolding-{7). The effect of the anions
that there are several different ways in which they contribute is attributed to their minimizing the charge repulsion by
to the net stability of the native conformation. In addition, binding to the positively charged groups and hence minimiz-
both attractive and repulsive electrostatic interactions are pos-ing the repulsive interactiong); Similar effects, in this case
sible. In general, models to account for cosolute effects oninvolving the presence of cations, appear to result in the
protein stability may be classified in a number of ways; two refolding of natively unfolded proteins that have a net
major classifications are those in which the cosolute directly negative charge at neutral pH (V. N. Uversky and A. L. Fink,
interacts with the protein, i.e., binding, or those involving unpublished observations).

effects on the solvent, e.g., excluded volume effez]s ( Staphylococcal nuclease is a widely used model protein
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under physiological conditions. Thus, the effects of salts on (IAEDANS, Molecular Probes) in 100 mM Tris-HCI buffer

SNase are likely to be applicable to a large number of
proteins, as well as to further illuminating the broad range
of ionic interactions with proteins.

The refolding of acid-unfolded SNase induced by anions

at pH 8.0 after reducing the intermolecular disulfide bond
of SNase K64C with 10 mM DTT. The labeled protein was
purified by using a Sephadex G-25 column (Pharmacia). The
protein solution was concentrated and buffer-exchanged to

was previously investigated, and revealed the existence ofwater by using a Centriprep 10 cartridge (Amicon). Protein

three different partially folded intermediates, A statés (

concentrations were determined using a molar extinction

These three intermediates lacked the rigid tertiary structure coefficient ezgo of 15630 M* cm™* for wild-type SNase,
characteristic of native states, and differed in their degree 14 140 Mt cm™* for NCA S28G SNase, and 17 080

of folding as measured by probes of secondary structure,

size, stability, and globularity. The least structured conforma-
tion, Ay, is stabilized by chloride or sulfate. It1850% folded

cm! for IAEDANS-labeled K64C SNase.
Steady-State Fluorescence MeasuremeRlisorescence
measurements were made with a SPEX FluoroMax-2 fluo-

[based on circular dichroism and small-angle X-ray scattering rescence spectrometer with an excitation wavelength of 280

(SAXS) data]. The more structured intermediate, /&
induced by trifluoroacetate and has70% native-like

nm for tryptophan and 350 nm for ANS and bis-ANS. The
cell path length was 1 cm, and excitation and emission

secondary structure. The most structured intermediage, A bandwidths were 2.5 nm. All sample concentrations were 2
is stabilized by trichloroacetate, has native-like secondary #M. Acrylamide quenching studies were performed by
structure content, and is almost as compact as the native stateddding aliquots from a stock solution of the quencher into a
The stability toward urea denaturation increased with an cuvette containing protein. Fluorescence intensities were
increasing level of intermediate structure. Kratky plots, based corrected for any dilution effects and for acrylamide absor-
on the SAXS data, indicated that the two more structured bance at the excitation wavelength. Fluorescence quenching
intermediates have significant globularity (i.e., a tightly data were analyzed according to the general form of the
packed core), whereas the less structured intermediate ha$tern-Volmer equation, taking into account not only dy-
very little globularity. It is likely that these intermediates hamic but also static quenching2):
represent the equilibrium counterparts of transient kinetic

I/l = (1 + Ke\[Q]) exp(V[Q]) (1)

intermediates.
In the study presented here, the effects of salts on the ) o

structure, stability, and kinetics of staphylococcal nuclease wherel, andl are the fluorescence Ir'ltensn'les in the ab;ence

at neutral pH were examined by using wild-type SNase and and presence of quencher, respectivly, is the dynamic

NCA SNase, a relatively unstable muta@t(L0). The latter ~ quenching constany is a static quenching constant, and

contains a five-amino acid typgdturn from concanavalin  [Q] is the total quencher concentration. S

A in place of residues 2730 of SNase §). The crystal Stopped-Flow Fluorescence MeasuremeRepid kinetic

structure of this mutant superimposes very well with that of events were studied using a Biologic SFM2 stopped-flow

the wild type, and the hydrogen bonding of the guest turn module with Bio-Kine software, version 3, an ALX-220 lamp

has been preserve#, (11). NCA S28G SNase, however, is power supply (Molecular Kinetics), and a monochromator

3.6 kcal/mol less stable at % than the wild type at pH 7~ H10 (Jobin Yvon), with an excitation wavelength of 280 nm
(10). and a bandwidth of 4 nm. Glass filters were used to pass

only light with a wavelength exceeding 325 nm for wild-
type and NCA SNase, and 420 nm for IAEDANS-labeled
K64C SNase. The refolding experiments from the acid-
unfolded (1) state were carried out at 2& by mixing 1

_ ) volume of the unfolded protein at pH 2.0 with 9 volumes of
I" f-turn conformation, were replaced with a typetiG, 100 mM Tris-HCI buffer (pH 7.5) in the presence of various
p-bulge structure from concanavalin A (residues 664, sjts. The final protein concentration in the flow cell, except
Ser-Gly-Asn-Gly-Ser), were expressed and isolated from afor the experiments measuring the dependency of protein
culture ofEscherichia colstrain AR120 having the inducible  concentration, was M for wild-type SNase and NCA
plasmid pL9. The wild-type expression system was kindly 528G and 3:M for IAEDANS-labeled K64C SNase.
provided by D. Shortle, that of NCA SNase by R. Fox. The  \janual mixing experiments were also performed for the
expression system for K64AC SNase was generously providedsydies of slow kinetic events using a FluoroMax-2 fluores-
by W. Stites. The proteins were purified by ethanol precipi- cence spectrometer with an excitation wavelength of 280 nm.
tation followed by SP-Sepharose column chromatography The emission wavelength was 338 nm for wild-type and
(Pharmacia). The homogeneity of the protein samples wasNCA SNase and 488 nm for IAEDANS-labeled K64C
checked electrophoretically using the Phastsystem (Pharmagnase. The refolding experiments from thg &tate were
performed by reaction with the thiol-specific probe{2{  same ratios as in the stopped-flow experiments. In the cases
[(iodoacetyl)amino]ethylamino)naphthalene-1-sulfonic acid  of the refolding experiments from states-#As to the native
state, 5 volumes of the partially folded protein solution in
the presence of various anions (chloride, sulfate fary A
trifluoroacetate for A, and trichloroacetate for # at pH

2.0 (except 3.3 volumes for 0.4 M BBO,) was mixed with

1 volume of 1.0 M Tris-HCI buffer containing the salts at
pH 7.5 and 2°C. Salt-induced folding experiments were

MATERIALS AND METHODS

Wild-type SNase and a mutant (NCA S28G), in which
residues 2730 of SNase (Tyr-Lys-Gly-GlIn), found in a type

1 Abbreviations: SNase, staphylococcal nuclease; WT, wild-type;
IAEDANS, 5-({ 2-[(iodoacetyl)amino]ethylamino)naphthalene-1-sul-
fonic acid; NCA SNase, S28G mutant of staphylococcal nuclease in
which a type I5-turn from concanavalin A replaced residues-2D
of SNase; TFA, sodium trifluoroacetate; SAXS, small-angle X-ray
scattering;R,, radius of gyration.
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performed at 2°C, at both pH 7.5 and 2.0, by mixing 1 tryptophan fluorescence and the near-UV circular dichroism
volume of the protein solution in 100 mM Tris-HCI buffer as probes. The data in Figure 2 show that the presence of
(pH 7.5) or 10 mM HC1 (pH 2.0) with 9 volumes of the added salts had a very significant effect on the Trp
same buffers in the presence of various salts. The final fluorescence of NCA SNase, and only minimal effects for
protein concentration in the cell, except for the experiments the wild-type protein. The addition of KCI, N&Q,, and TFA
measuring the dependency of protein concentration, was 2to NCA SNase increased the intensity of the intrinsic Trp
uM. The dead time for manual mixing wasl10 s. fluorescence in a concentration-dependent manner (data not
Circular Dichroism MeasurementCircular dichroism  shown). The intensity of the Trp fluorescence of NCA SNase

spectra were measured with an AVIV 60DS spectropola- in the presence of 3.2 M KCl or 0.4 M N8O, was almost
rimeter equipped with a RTE-110 temperature controller Same as that of WT SNase. Control experiments for
(Neslab). For the thermal denaturation experiments, data werémeasuring the effect of the salts on the fluorescence of
collected at 222 nm every 20 s at a heating rate of 033  N-acetylt-tryptophan ethyl ester revealed that the salts
min. The cell path length was 1.0 mm. Manual mixing caused small decreases in the fluorescence emission, i.e., in
experiments were also performed #tat the same mixing the direction that was opposite of that observed with the
ratios as the fluorescence experiments that were carried oufroteins. For simplicity, we will mostly just show the effects

at 222 nm. The dead time for manual mixing wag0 s. of the highest salt concentrations that were examined, 3.2
The final protein concentration in the cell, except for the M KClor 0.4 M Na&SQ.. Lower concentrations yielded either

experiments measuring the dependency of protein concentrathe same effects or smaller-amplitude effects. For example,
tion, was 10uM. with KCI the effects of increasing concentration were

Small-Angle X-ray ScatterinAXS measurements were essentially linear to 1 M, then leveled off between 1 and 2
carried out at Stanford Synchrotron Radiation Laboratory M. @nd showed a small increase between 2 and 3.2 M.
(SSRL) on beamline 4-2. X-ray energy was selected at 9  1Nhe near-UvV CD spectra of wild-type and NCA SNase at
keV by a pair of Mo/B4C multilayer monochromator crystals. PH 7.5 in the absence of added salts were significantly
Scattering patterns were recorded by a linear position- different; in particular, the major trough in ellipticity at 280
sensitive proportional counter, which was filled with an 80% NM was greatly attenuated in the NCA SNase mutant (Figure
Xe/20% CQ gas mixture. Scattering patterns were normal- 3). The addition of salts increases the aromatic ellipticity
ized by incident X-ray flux measured with a short-length for both proteins, but had a much larger effect on the mutant;
ion chamber before the sample. The sample-to-detector/or €xample, with 3.2 M KCl, the negative ellipticity in the
length was 230 cm. Radii of gyratiofy) were calculated ~ ViCinity of 280 nm was more than doubled, although the
according to the Guinier approximatiofd), In 1(Q) = In signal was still significantly smaller than that for the wild-
1(0) — RQ?3 whereQ is the scattering vector given by type protein. Thus, elevated salt concentrations _S|gn|f|cantly
the equatiorQ = (4 sin 6)/A (where @ is the scattering ~ ncrease the amounts of both secondary and tertiary structure

angle andX is the wavelength of X-ray) ant(0) is the N NCA SNase. . _

forward scattering amplitude. As a further probe of the structure, we investigated the
effect of acrylamide quenching on tryptophan fluorescence.

RESULTS The Stern-Volmer plots exhibited upward curvature, indi-

cating the presence of both dynamic (or collision) and static

Effects of Salts on the Structure of NCA and Wild-Type quenching. The data were analyzed according to the general
SNaseAt low pH (=3), chloride and sulfate ions transform  form of the Stera-Volmer equation (see Materials and
the acid-unfolded state of SNase into thepartially folded Methods). There was a significantly larger effect of the
intermediate, and trifluoroacetate causes the conversion toacrylamide quenching in the presence of salts for NCA SNase
the A state 6). The effects of these salts were investigated than for the wild type (Figure 2 insets). Analysis of the data
at neutral pH. We first examined the far-UV circular suggests that an increased level of burial of Trp occurs with
dichroism spectra of wild-type and NCA SNase in the increasing anion concentrations, and that this effect is much
presence of various concentrations of potassium chloride,more pronounced with the mutant protein.
sodium sulfate, and sodium trifluoroacetate at pH 7.5 and  The effect of ANS binding to SNase was investigated to
25 °C. In the case of NCA SNase, the addition of KCI, determine whether there was a significant amount of exposed
Na,SQs, and TFA increased the contentwdhelical structure  hydrophobic surface in the native states. As shown in Figure
in a concentration-dependent manner (Figure 1) (for clarity, 4, there was very little increase in the ANS fluorescent signal
intervening concentrations of chloride and sulfate are not jn the presence of the wild-type protein. Furthermore, the
shown). In the absence of salts, NCA SNase has about 60%addition of salts had only a small effect. In contrast, the
of the a-helical structure of the wild type; however, in the presence of NCA SNase led to a substantial increase in the
presence of 3.2 M KCl or 0.4 M N&Q,, thea-helix content  ANS fluorescence signal, which decreased significantly when
in SNase NCA is almost the same as that of SNase WT salts were added (Figure 4). These data indicate that NCA
(Figure 1). Thus, the presence of moderate to high concen-SNase has a substantial amount of solvent-exposed nonpolar
trations of salts leads to a substantial increase in the surface that is significantly decreased in the presence of salts.
secondary structure content of NCA SNase at neutral pH.  Small-angle X-ray scattering was used to assess the effect
There appears to be a similar, but much smaller, effect with of the salts on the compactness of SNase. For Gdn-HClI-
the wild-type protein upon addition of the same concentra- ynfolded NCA SNase, the radius of gyratidR,)( was 38.8
tions of these salts (Figure 1). A; for the native state at pH 8.0 and 2C, R, = 21.6 A.

To determine if there were corresponding effects on the The latter was reduced by-3 A in the presence of 1.6 M
tertiary structure of SNase, we examined both the intrinsic KCl or 0.4 M N&SQ,. For WT SNase, the native state had
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Ficure 1: Circular dichroism spectra of NCA (A) and wild-type (B) SNase in the presence of salts at pH 7.5 &0d@B spectra were
measured in the presence or absence of 3.2 M K 0.4 M NaSQ, (V), or 0.3 M TFA @0) in 100 mM Tris-HC1 at pH 7.5@).

anRyof 19.7 A in the absence of added salt, and the presencethese salts also had a significant stabilizing effect on the wild-
of 1.6 M KCl or 0.4 M NaSQ, reduced this to 18.3 A. Thus,  type protein (Figure 5). However, the stability of NCA SNase
high salt concentrations cause a small contraction of wild- in the presence of these salts was still substantially lower
type SNase, and decreased the size of NCA SNase to thathan that of the WT. The increase Ty, in the presence of
of the wild type. the salts was 14C for NCA SNase and 8C for WT SNase.
Effects of Salts on the Stability of NCA and Wild-Type For NCA SNase, the stability is very dependent on pH, being
SNaseNCA SNase has previously been shown to be subject maximal in the vicinity of pH 7.5-8.0, and decreasing as
to cold denaturation at neutral ptid), as well as to be rather ~ the pH is lowered (data not shown).
unstable 8—10). Far-UV circular dichroism was used to The stability of SNase in the presence of salts was also
monitor the thermal unfolding. In the absence of salts, NCA determined by measuring their effect on urea-induced
SNase undergoes cold denaturation at pH 7.5 and is mostunfolding. Figure 6 shows that the addition of 2.6 M KCI or
stable at 15°C (Figure 5). TheT,, values were 28t 1 °C 0.4 M NaSQ, to the protein solution substantially increased
for NCA SNase and 52 1 °C for WT SNase in 100 mM the stability against urea denaturation for both NCA and WT
Tris buffer (pH 7.5) in the absence of added salts. Both the SNase. In the absence of salts, Ggvalues were 0.21 and
cold denaturation and much of the decreased stability of NCA 2.31 M, respectively (Table 1). In the presence of salts, both
SNase relative to the WT protein were abolished in the C,, and AGy(H.O) values increased, whereas thevalues
presence of high chloride and moderate sulfate concentrationglecreased, compared with those in the absence of salts. In
(3.2 M KCl or 0.4 M NaSQy) (Figure 5). More surprisingly,  particular, the free energies of stabilization for both proteins
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Ficure 2: Fluorescence spectra of NCA (B) and wild-type (A) SNase in the presence of salts at pH 7.5°@d g5fluorescence spectra

were measured in the presence or absence of 3.2 M K§J 0.4 M NgSO, (— — —), or 0.3 M TFA (—-—) in 100 mM Tris-HCI (pH 7.5)

(—)- Insets represent SterVolmer plots of acrylamide quenching of SNase tryptophan fluorescence in the presence of salts at pH 7.5 and
25 °C. Measurements were performed in the presence or absence of 3.4 MOK@.4 M N&SO, (V), or 0.3 M TFA @) in 100 mM
Tris-HCI (pH 7.5) @).

increased substantially in the presence of the salts: 1.7 kcalcooperative than with WT SNase. Furthermore, the transition
mol~* for NCA SNase and 42.3 kcal mot? for the wild for NCA SNase to the Astate (ellipticity ~ —8000 deg
type. cn? dmolt) was biphasic, indicating an intermediate con-
Salt-Induced Refolding of NCA SNase at Low. e formation with an6,, of approximately—5500 deg crh
addition of anions to acid-unfolded WT SNase has been dmolt. The transition with NgSO, (to the A state) was
shown to lead to the formation of three different partially shown to be independent of the concentration of protein from
folded intermediates (A states), depending on the arBpn (2 to 20uM. The titrations for the wild-type SNase were also
Further, at a high salt or protein concentration, soluble carried out at ZC and were essentially the same as those at
associated states were observed in which the association le@5 °C. Thus, the transformation of the acid-unfolded state
to increased secondary structure 14). When NCA SNase into the partially folded intermediate A states is significantly
at pH 2.0 and 2C was titrated with chloride, sulfate, or less favorable in the NCA SNase variant, compared with
trifluoroacetate, the concentration of anion required to the wild type, suggesting that the intrinsic driving force for
complete the transition to the corresponding A state was folding is significantly reduced.
approximately twice that required for the WT protein (Figure  Effects of Salts on the Kinetics of Refolding of Staphylo-
7). The ellipticity values for the A states were similar to coccal NucleaseThe kinetics of refolding of WT SNase are
those for the WT. As with the WT protein, the addition of well-known to be complex due to the presence of multiple
higher concentrations of anions led to association, as revealedroline isomerizations, which results in slow kinetic phases
by a second transitioriLg). In all cases with NCA SNase, (15—20). Tryptophan fluorescence was used to monitor the
the transition to the A state during the salt titration was less effect of salt on the refolding kinetics of WT and NCA SNase
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Ficure 3: Near-UV CD spectra of NCA (A) and wild-type (B) SNase in the presence of salts at pH 7.5 4@d 8pectra were measured
in the presence or absence of 3.4 M KCl){( 0.4 M NaSQ, (v), or 0.3 M TFA @) in 100 mM Tris-HCI (pH 7.5) @). The protein
concentration was kept below 0.5 mg/mL. The cell path length was 4 mm.

at pH 7.5 and 25C by diluting the protein unfolded at pH 3.2 M KCI or 0.4 M NaSQ,) significantly affected the
2 into pH 7.5 buffer (the observed kinetics for the WT protein folding kinetics of both NCA and WT SNase. For wild-type
were 10% faster using acid unfolding than when unfolding SNase, chloride decreas&d whereas sulfate and trifluo-
was accomplished with Gdn-HCI and the final denaturant roacetate increasde. Higher concentrations of all the anions
concentration was 0.3 M Gdn-HCI; the amplitudes were the decrease#, and significantly increaseks for the wild-type
same). protein. The latter observation is interesting sikgeorre-

The results of stopped-flow refolding experiments of NCA sponds to a slow phase due to non-native proline conforma-
and WT SNase in the presence of anions are shown in Figuretion. Thus, the 4-fold increase iks with 0.4 M sulfate
8, and the rate constants and amplitudes are summarized irsuggests that the proline isomerization step is tightly coupled
Table 2. The addition of high concentrations of salt (either to a folding conformation change. Only the burst phase and
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Ficure 4: ANS fluorescence spectra in the presence of NCA (A) and wild-type (B) SNase in the presence of salts at pH 7.8Cand 25
Spectra were measured in the presence of 3.4 M K€}, 0.4 M NaSQ, (— — —), or 0.3 M TFA (—-—) in 100 mM Tris-HCI (pH 7.5)
(—). The protein concentration was 0.01 mg/mL, and the ANS concentration wab1Bluorescence was excited at 350 nm.

ki and k, are observed with proline-free staphylococcal cence, within experimental error (Table 3). In contrast, with
nuclease Z0). The effects orks were comparable with the  the wild-type protein, the general effect of the presence of
NCA variant. With NCA SNase, the valueslafandk, were the salts was to decrease the folding rate, although the re-
quite significantly increased by the presence of sulfate and sponses were more varied (Figure 8 and Table 3). Again,
TFA [as much as 8-fold fok, with 0.4 M sodium sulfate  the major effect was observed with high concentrations of
(Table 2)]. In general, there were relatively small effects on chloride, which caused substantial (5-fold) decreasds.in
the amplitudes of the kinetic phases, the major exception In addition to examining the effects of salts on the re-
being 3.2 M KCl in the refolding of the WT, for which the  folding of acid-unfolded NCA SNase, we also examined the
magnitude of the burst was decreased\80%, and sulfate,  effects of starting with one of the three previously identified
which increased the burst phase by a corresponding amountA states 6), and jumping to the native state. No significant
The very slow refolding kinetics of NCA SNase af@ differences in the rates and amplitudes of refolding were
permitted manual mixing experiments on a long time scale. observed whether we started with the acid-unfolded state and
Some of the results are shown in Figure 8. In these jumping to pH 7.5 with the salt present in the native buffer
experiments, the same concentrations of salt were used a®sr with one of the A states with the salt already present and
in the stopped-flow experiments. Due to the relatively long jumping to pH 7.5 (data not shown). This indicates that the
effective dead time of mixing, only the two slowest kinetic transition from the Y state to the A states is fast for NCA
phases were observed in these experiments. The data ar&Nase. The kinetics of the slowest phase were also monitored
summarized in Table 3. In all cases, the presence of the saltdy circular dichroism, and the rates were effectively the same
increased the rate of refolding for NCA SNase. Kgavas as those determined by Trp fluorescence.
also monitored by ellipticity at 222 nm; the rate constants To ensure that transient association was not responsible
were essentially identical to those measured by Trp fluores-for any of the observed kinetic phases, the experiments were
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Ficure 5: Effect of anions on the thermal denaturation of NCA (trace8)land WT (traces 46) SNase at pH 7.5. Denaturation was
monitored by the change in ellipticity in the far-UV CD at 222 nm in the absence (traces 1 and 4) or presence of 3.2 M KCI (traces 2 and
6) or 0.4 M NaSQ, (traces 3 and 5) in 100 mM Tris-HC1 (pH 7.5). The arrow shows the temperature of maximum stability for NCA
SNase; at lower temperatures, the protein unfolds due to cold denaturation.

repeated at three different protein concentratiorsl @uM, fluorescence and salt concentration jumps with 3.2 M KCI
for both NCA and WT SNase. The rates and amplitudes wereor 0.4 M NaSQ, at 2°C and pH 7.5 (Table 5). The kinetics
independent of the protein concentration that was used, with-were very slow; under both conditions, a biphasic increase
in experimental error, indicating that the observed changesin Trp emission was observed, with identical kinetics and
in folding kinetics in the presence of salt are not due to amplitudes. The magnitude of the amplitude is of note,
intermolecular interactions such as transient aggregation. namely, a total of 75% for both transient phases. The rate
Fluorescence resonance energy transfer between suitablgonstants are of the same magnitude as those of the two
positioned donor and acceptor groups can be used to monitorslowest for refolding from the acid-unfolded state to the
the rate at which a protein collapses during refolding. To native state in the presence of the salts and which are believed
determine the effect of a high salt concentration on the initial to reflect proline isomerization.
rate of collapse, we used a modified staphylococcal nuclease Monitoring the rates of anion-induced refolding at pH 2,
in which Lys46 was converted to Cys and then labeled with i.e., from the |} state to an A state, revealed that at lower
the fluorescence acceptor IAEDANS. By exciting the single salt concentrations (e.gs2.4 M KCI, 0.4 M NaSQ,, or
Trp residue and monitoring the IAEDANS emission, we were 0.9 M TFA) the rate of refolding was fast( s). However,
able to measure the rate of change in the distance betweemt high salt concentrations, e.g., 3.2 M KCl or 1.2 M TFA,
these two residues. In the absence of a high salt concentrathe kinetics were much slower (Figure 10). This was true
tion, a burst, complete within 1 ms, followed by four transient for both NCA and WT SNase (data not shown). These
phases is observed (Figure 9). However, and very surpris-observations suggest that the effects of the ions are quali-
ingly, in the presence of 3.2 M KCI a major overshoot in tatively different at lower and higher concentrations.
signal is observed in the burst reaction, which is then
followed by adecreasdn fluorescence emission (Figure 9 DISCUSSION
and Table 4). The magnitude of the burst in the presence of Although the major effects of salts (especially the anions)
the salt is more than twice the value in its absence (Table on protein structure at low pH are reasonably well understood
4). Varying the protein concentration over the range of 6.33 (3, 4, 21—-26), in general the effects at neutral pH are much
3.0uM had no effect on the kinetics or amplitudes of the more subtle, and hence more difficult to elucida2@)( At
observed reaction, indicating that transient association of thelow pH, the major effect is due to binding of the anions to
protein is not responsible for the increased burst size. Two the positively charged protonated amine groups, leading to
possible explanations are that the high concentration of saltdecreased Coulombic repulsioR8]. At neutral pH, for a
leads to SNase adopting a more compact collapsed structuréolded globular protein, such as staphylococcal nuclease, the
than in the native state, or that the high salt leads to an effects are likely to be more complex, since there is probably
alternate conformation in the collapsed state in which Trp140 no one aspect that dominateZ9). For example, the con-
is closer to residue 64. sequences could range from effects on water structure to
As seen in Figure 2, the presence of a high salt concentra-binding of ions to specific sites on the protein, resulting in
tion leads to a significant increase in the fluorescence emis-local attractive or repulsive interactions. In addition, the
sion of Trp140 in NCA SNase. The kinetics of the transition effects may also vary depending on the salt concentration.
between these two “states” were monitored using Trp There have been many studies on the role of electrostatics
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FiGure 6: Urea titrations of NCA (A) and wild-type (B) SNase in

the presence of salts. Urea denaturation was monitored &€25
by fluorescence intensity at 338 nm in the presence or absé)ce (
of 2.6 M KCI (V) or 0.4 M N&SQ, (O) in 200 mM Tris-HCI (pH
7.5). The solid lines are sigmoidal fits as guides.
Table 1: Urea Titration of NCA and WT SNase in the Presence of
Salts at pH 7.5 and 2%C?
AG,(H0) m (kcal
additive (kcal/mol) mol~* M) Cm (M)
NCA
none 0.70 3.4 0.2
2.6 M KCI 2.3 1.3 1.7
0.4 M NaSQO, 2.4 1.6 1.5
WT
none 4.6 2.0 2.3
2.6 M KCI 5.6 1.2 4.5
0.4 M NaSQ, 6.9 1.7 4.2

aThe errors were all withink12%.

in the stability of proteins, both experimental and theoretical,
going back to the pioneering work of Linderstrom-Lang and
Kirkwood. In contrast, the number of investigations specif-
ically on the effects of salts on protein stability and folding

Biochemistry, Vol. 40, No. 7, 20012121
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FIGURE 7: Salt-induced transitions from the acid-unfolded state of
NCA SNase to a partially folded intermediate A sta®).(The
titrations were monitored by CD at 222 nm at pH 2.0 an2iC2
Titration with KCl and NaSQ, leads to the Astate, with a9,,, of

—8 x 10® cm? dmol?, and titration with TFA leads to thefstate,

with a2 0f —11 x 10° cn? dmol™ (6). The beginning of a second
transition is seen at a high salt concentration; this corresponds to
association-induced secondary structufe The open circles are
the data for the wild-type protein (data from &t

boxylate salts have been shown to increase the thermal

kinetics is much more limited. Ribonuclease T1, a very acidic stability of several proteins3(). An investigation of the

protein, of relatively low stability in the absence of salt, was

effect of replacing charged side chains of SNase by Ala or

shown to be significantly stabilized by the presence of salts Gly concluded that ionizable amino acids do not significantly

(30). The effects were predominantly due to relatively weak
specific ion binding. No such effects were observed with
ribonuclease A or lysozyme (which is more stable). Car-

contribute to stability through electrostatic interactio2)(
There are several reports that increasing ionic strength elimi-
nates shifts in calculated and measuridyalues, probably
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Ficure 8: Effect of anions on the kinetics of refolding of wild-type (A and C) and NCA (B and D) SNase. The ordinate corresponds to

the observed signal as a fraction of that expected, based on the signals for the unfolded and native states. (A and B) Stopped-flow traces
of the fird 2 s of reaction monitored by changes in Trp fluorescence intensity. Refolding was initiated by a 10-fold dilution of protein
unfolded at pH 2.0 into 100 mM Tris-HC1 buffer (pH 7.5) in the presence or absence of 3.2 M KClI, 0.430Nar 0.3 M TFA at 25

°C. (C and D) Refolding at 2C. The theoretical curves for the data in Tables 1 and 2 are shown as solid lines under the data. Representative
plots of the residuals are shown below. The ordinate scale shows the fraction folded, based on the observed signal compared to that for the
unfolded and folded states for the particular conditions. Refolding was initiated by a 10-fold dilution of protein unfolded at pH 2.0 into 100
mM Tris-HCI buffer (pH 7.5) in the presence or absence of 3.2 M KCI, 0.4 M@, or 0.3 M TFA. The refolding was monitored by

changes in fluorescence intensity at 338 nm.

due to effects in the denatured sta@8,(34). Favorable of the proteins. In the case of the relatively unstable NCA
interactions between charged surface residues have beemutant, this is also accompanied by the induction of
shown to make major contributions to protein stabilBp) significant secondary and tertiary structure, and increased
Such favorable electrostatic interactions are expected to becompactness of the molecule. Similarly, in refolding experi-
weakened by increasing ionic strength, through Debye ments the higher salt concentrations have significant effects
Huckel screening. The fact that surface-charged residues caron the rates of some of the folding steps. These effects are
make a significant negative contribution to overall stability more marked at lower pH, where the net charge on the
was nhicely demonstrated using theoretical and mutagenesisnolecule will be more positive (the pl of SNase 39).
approaches3p). Given the net positive charge on the protein, it is most likely
Our results show that for both wild-type and NCA SNase that it is the anions that are the key components in the action
the presence of moderate to high concentrations of salt atof the salts. One indication that the effects involve a
neutral pH significantly increases the thermodynamic stability significant direct interaction with the protein is that both
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Table 2: Stopped-Flow Fluorescence Kinetic Data (observed rate
constants and amplitudes) for the Refolding of NCA and WT SNase
in the Absence and Presence of Salts at pH 7.5 antC25

Table 3: Manual Mixing Fluorescence Kinetic Data (observed rate
constants and amplitudes) for the Refolding of NCA and WT SNase
in the Absence and Presence of Salts at pH 7.5 afck2

kq ko ks D, D, Pz ks ks [OX S ksfrom
additive (s (sH (shH burst (%) (%) (%) additive (s (s1) burst (%) (%) CD(s?)
NCA NCA
none 0.75 0.11 0.028 16 6 25 53 none 0.0278 0.0029 15 19 66 0.0023
0.8 M KClI 1.21 0.17 0.036 18 15 28 39 0.9 M KCI 0.0352 0.0039 13 42 45 0.0024
3.2 MKClI 054 0.12 0.052 17 13 30 33 3.2 MKCI 0.0427 0.0069 26 51 23 0.0070
0.1 MNaSO, 0.81 0.13 0.031 18 13 25 44 0.2 M NaSO, 0.0362 0.0037 12 44 44 0.0025
0.4MNaSO, 3.66 0.93 0.200 22 7 31 25 0.4 M NaSO, 0.0920 0.0064 25 59 16 0.0064
0.3MTFA 214 0.23 0.035 20 7 27 46 0.3MTFA 0.0403 0.0047 10 46 44 0.0036
WT 50mMTCA 0.0383 0.0036 17 31 52
none 1147 170 0.016 31 26 28 15 WT
0.8 M KClI 10.11 1.40 0.041 33 24 30 13 none 0.0932 0.0039 65 22 13
3.2 M KCI 531 056 0.029 22 8 25 45 0.9 M KCI 0.1083 0.0064 68 21 11
0.1 MNaSO, 17.64 1.68 0.027 39 24 26 11 3.2 MKCI 0.0206 0.0034 39 20 41
0.4MNaSO, 17.58 1.04 0.062 38 21 29 12 0.2MNaSO, 0.0788 0.0042 68 22 10
0.3MTFA 15.59. 1.29 0.039 33 24 30 13 0.4 M NaSQO, 0.0662 0.0079 60 32 8
0.3MTFA 0.0580 0.0042 68 22 10

a Rate constants that are significantly different from the controls are
in bold. The amplitudes#®) are shown as % folded. Experimental errors
were less than or equal ta15%.

2 Rate constants that are significantly different from the controls are
in bold. Experimental errors were less than or equati®%.
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Ficure 9: Effect of 3.2 M KCI on the early kinetics of refolding
of SNase, monitored by fluorescence energy transfer 8€29he
first 200 ms of the refolding reaction is shown, with excitation of
Trp140 at 280 nm and emission from Cys64 labeled with IAEDANS

at =420 nm. The ordinate corresponds to the observed signal as a 3 5 \ kcl
fraction of that expected, based on the signals for the unfolded and ¢ 4 \ NgSO,

native states. Refolding was initiated by a 10-fold dilution of the
unfolded protein (pH 2.0) into 100 mM Tris-HCI buffer (pH 7.5)

in the presence (top trace) or absence (bottom trace) of 3.2 M KCI.

Table 4: Kinetic Data (observed rate constants and amplitudes) for
the Refolding of IAEDANS-Labeled K64C SNase Monitored by
Fluorescence Energy Transfer

ki k2 ks ks D D Pz Py
additive (s) (sY) (sY) (sY) burst (%) (%) (%) (%)
none 108.66 17.73 2.43 0.019 63 2 6 24 5
3.2MKCI 147.72 15.43 0.032 140-13 —19 -8

a Refolding was initiated by a 10-fold dilution of the unfolded protein
(pH 2.0) into 100 mM Tris-HCI buffer (pH 7.5) using both stopped-
flow and manual mixing experiments to cover the complete time range
for folding. Trp was excited at 280 nm, and IAEDANS emission was
measured at 420 nm. The amplitudesk) are shown as a fraction of
the total signal for folding, i.e., fraction folded. Note that the observed
rate constants in Tables 2 andI3;-ks, correspond to the observed
rate constant&—k, in this table. Experimental errors weitel 0%.

Table 5: Rate Constants and Amplitudes for the Transitions
Induced by the Addition of Salt to NCA SNase at pH 7.5 antC2
Monitored by Trp Fluorescente

additive ks(s)  ki(sh) burst D3(%) Dy(%)
0.0688 0.0047 27 46 27
0.0726 0.0049 23 48 29

a Experimental errors werg-10%.

salt bridge with Glul0, and may thus contribute to the

sulfate and chloride have similar effects, whereas sulfate is decreased stability relative to the wild type. Examination of

a known stabilizing (kosmotrope) agent for proteins; how-
ever, chloride is relatively neutral in this rega®¥). Thus,

it is more likely that the effects are due to specific interactions
of the ions with the protein, rather than effects on water
structure. It is important to note that the crystallographic
structure of NCA SNase is essentially identical to that of
the wild-type protein except in the immediate vicinity of the
changed residues,(11). There are two main differences

the structure of SNase indicates that the loss of this lysine
residue is likely to lead to increased electrostatic repulsion
among other surface carboxylates in the vicinity. It is thus

possible that one factor contributing to the enhanced effects
of salts on the stability of NCA SNase is due to the abolition

of this unfavorable electrostatic interaction by the added
cation.

The fact that the folding kinetics and stability of NCA

between the wild-type and NCA SNase, namely, the replace-and WT SNase were unaffected when different concentra-

ment of a positively charged lysine residue with a neutral

tions of protein solutions were used indicates that the effects

serine and the insertion of an extra residue, both of which of anions shown in this study do not reflect intermolecular

likely contribute to the decreased stability of NCA SNase,
along with the local tertiary structure disruptions. The original
reason for the mutation was to exchange grirn with

another, in which both ends of the turns were in correspond-

interactions of protein molecules such as transient association
or protein aggregation.

Salt-Induced Structure in NCA Staphylococcal Nuclease.
NCA SNase is significantly less stable than the wild-type

ing spatial positions. The loss of the lysine disrupts a surface protein, as manifested by significant cold denaturation at
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Ficure 10: Kinetics of anion-induced folding from the acid-unfolded state &€ 2Panels A (wild-type SNase) and B (NCA SNase) show

the effect of 3.2 M KCl and 1.2 M TFA. Panel C (NCA SNase) shows the effects of 2.4 M KCI, 0.4 }8®jaand 0.9 M TFA. The

ordinate corresponds to the observed signal as a fraction of that expected, based on the signals for the unfolded and native states. The data
for the wild type (not shown) were very similar to those for the NCA variant. Refolding was initiated by a 10-fold dilution of protein in

10 mM HCI (pH 2.0) into the same solution in the presence of 2.4 or 3.2 M KCI, 0.4 p@®aor 0.9 or 1.2 M TFA. The reaction was

monitored by fluorescence emission at 338 nm.
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neutral pH and a much reduced free energy of stabilization Scheme 1
and C,.. The cold denaturation means that the amounts of burst K K «
secondary and tertiary structure in the mutant protein are U I, l, Iy Iy N
smaller than in the wild type, at 28C. The presence of a
moderate to high concentration of salts induced structural Scheme 2
changes in NCA SNase that led to circular dichroism and burst k1 k
fluorescence spectra similar to those of the wild-type protein.
In other words, the presence of the salt shifted the equilibrium
from the cold-denatured form to the native state. This is also %Ei L L TN
confirmed by the small-angle X-ray scattering data, and loss ! 2 N
of exposed hydrophobic sites for ANS binding. However, observation is one of very few examples demonstrating that
the observed spectral changes are smaller than anticipatedhe net stability of a folded protein may be determined by a
for the ellipticity at 222 nm and for Trp fluorescence combination of both attractive and repulsive electrostatic
emission, and larger than expected for the changes in theeffects.
near-UV CD signal and ANS binding. At 25C and pH 7, Previously, it was recognized that one of the key factors
where most of these studies were performed, NCA SNase isin the cold denaturation of NCA SNase at neutral pH was
only 60% native (Figure 5), and thus, an increase of 167% its relative instability £0). The loss of sensitivity to cold
in signal is anticipated. However, the increase in the near- denaturation of NCA SNase in the presence of high
UV CD signal was 275%, and the decrease in the ANS concentrations of salt demonstrates that the ions dramatically
fluorescence signal was 220%. Thus, it appears that moreincrease the stability. Again, this is most likely a reflection
than simple shifting of the equilibrium between cold- of the decreased level of electrostatic repulsion due to binding
denatured and native SNase is occurring. of anions to the positively charged basic residues. The fact
The question arises as to the underlying mechanism andthat at low pH significantly higher concentrations of anions
physical basis for this stabilizing effect. The changes are (2—4-fold greater than for the wild type) are required to bring
reminiscent of the effects of added anions on acid-unfolded about the transition from the acid-unfolded state to the A
staphylococcal nucleass, (38), which have been attributed  state in the NCA SNase variant is a reflection of the weaker
to binding of the anions to the positively charged ammonium intrinsic folding forces in this molecule, compared with the
groups of the basic amino acids, resulting in a decrease inwild type.
the level of Coulombic repulsiord). Given the high pl of Salt-Induced Effects on the Kinetics of Staphylococcal
SNase, the molecule will have a substantial positive chargeNuclease FoldingPrevious investigations of the refolding
at neutral pH 411). Since the balance of attractive and kinetics of staphylococcal nuclease have demonstrated that
repulsive forces must be very close in the NCA SNase the multiphasic kinetics are in part due to-etsans prolyl
variant, since the folded state is just marginally stable, it is isomerization. Two general classes of kinetic schemes have
not unreasonable to assume that a small decrease in the levédeen proposed: those involving parallel refolding pathways
of repulsive interactions (resulting from proximal positive from different populations of unfolded moleculekd( 40)
side chain charges) will lead to increased levels of folding and the presence of partially folded intermediates on the
and structure. In fact, the relatively high net charge and low folding pathway, probably with a parallel pathway as well
hydrophobicity of SNase suggests that it should be a rather(20, 41). Given that the proline-free variant shows multiple
weakly folded protein 39). Although the effects are much transients with rate constants in the millisecond range or
more marked with NCA SNase, there appear to be similar, faster @0), proline isomerization cannot be responsible for
albeit attenuated, effects of salts on the structure of the wild- these transients. Consequently, the slowest two observed
type protein. For both proteins, the effects of salts are mosttransients can be assigned to proline isomerization, and the
marked on the near-UV circular dichroism spectra, confirm- faster ones to transient intermediates. The simplest scheme
ing that the major effects are on the tertiary structure. This is one in which there are two transient partially folded
suggests that even in wild-type SNase there are significantintermediates leading to two very slow steps due to proline
electrostatic repulsive interactions, which are overcome by isomerization, as shown in Scheme 1, wherard [ differ
binding of anions. from N due to proline isomerization. The rate constants
Salt-Induced Stability of Staphylococcal Nucleaske correspond to those in Tables 2 and 3.
increased stability in the presence of the salts in both wild-  Alternatively, there could be two parallel pathways, each
type and NCA SNase is seen in the greater resistance to ureavith two transient partially folded intermediates, but starting
and thermal denaturation. For example, in the presence ofwith different states of proline isomerization in the unfolded
0.4 M sodium sulfate, the free energy of stabilization of wild- state, and leading to two different slow steps for the proline
type SNase is increased by more than 2 kcal/mol. The isomerization (Scheme 2).
simplest interpretation is that even at neutral pH electrostatic The presence of added salt had significant effects on the
repulsion destabilizes the structures, and the effect is muchrefolding kinetics for both proteins. In the case of NCA
more pronounced with NCA SNase. Thus, although a high SNase, all of the salts that were tested led to a substantial
salt concentration had relatively little effect on the secondary increase in folding kinetics, especially sulfate (the only
and tertiary structure in WT SNase, both proteins were exception being 3.2 M KCI which resulted in a decrease in
substantially stabilized by the addition of ions against urea k;). In the case of wild-type SNase, high concentrations of
and heat. This indicates that localized electrostatic repulsionKCI had a strongly retarding effect on the rate of folding,
occurs even in the wild-type molecule, and that the binding whereas sulfate had a small accelerating effect on some of
of the counterions leads to a reduced level of repulsion. This the folding transients.
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The simplest explanation for salt-enhanced refolding rates concentration of salt revealed a transient intermediate during
is that the presence of the ions, especially the anions, screenghe folding process, in which the distance between Trp40
the potential repulsive interaction between positively charged and AEDANS at position 64 is much closer than in the native
residues, thus effectively stabilizing transient intermediates, structure. Since the enhanced fluorescence from this inter-
and allowing a more compact initially collapsed state. It is mediate is not observed in the absence of the high salt
likely that this repulsion is weaker and occurs in a more concentration, there are three likely explanations: (1) the
localized region of the protein at neutral pH, compared with presence of high salt concentration affects the folding kinetics
the situation at low pH. In the case of high concentrations such that a transient intermediate in which residues 64 and
of KCI (>2 M) where the rate of refolding of the WT is 140 are closer than in the native conformation which is
significantly reduced, it is clear that an additional factor is normally not observed becomes apparent, (2) the added salt
at work. leads to a new intermediate not present in folding in the

Since the slowest kinetic phasés &ndk,) are associated  absence of the salt in which the residues of the fluorescence
with proline isomerizationX(7, 19, 20), it is interesting to energy transfer pair are closer than in the native conforma-
note that these rates are significantly increased by thetion, or (3) the presence of the salt leads to a more compact
presence of salt in both WT and NCA SNase. Since previousintermediate in which the residues of the fluorescence energy
investigations have shown that proline isomerization is acid- transfer pair were closer together. Since the kinetic transients
catalyzed, but not affected by ions at neutral pH, this in the presence and absence of salt are of comparable
observation means that these proline isomerization steps musinagnitude, it is likely that the folding pathway is the same,
be tightly coupled to conformational steps in the folding indicating that the enhanced energy transfer in the initial
pathway. Further evidence that tkeandk, steps correspond  collapsed state in the presence of high salt is due to a more
to proline isomerization is found in the observation that the compact conformation, rather than to an alternative pathway.
ki andk; values of NCA SNase are about 10 times smaller Interestingly, an increased salt concentration has been
than those of the WT, whereas thgandk, values are almost ~ observed to stabilize a normally meta-stable high-energy

the same. Since the rate enhancementkoand k, are intermediate in the folding of lysozymédZ2).
different, this is most consistent with two parallel pathways  Notably, the enhancement of structure observed in NCA
(Scheme 2). SNase at neutral pH upon addition of salt was accompanied

The two faster transients observdd,and k;, generally by very slow kinetics at 2C, consisting of a fast phase
yielded effects that were the opposite of those of the slower followed by two slow phases with rates similar to those
transients, in that high concentrations of chloride decreasedobserved for the slowest rates in refolding at pH 7.5 and 2
the rates whereas higher concentrations of the other anions’C, ks andk, (Table 3). Such kinetics are more consistent
increasedk; and decreaseHl,. This indicates that the net  with the idea that NCA SNase at neutral pH consists of a
electrostatic interactions (positive or negative) are different mixture of unfolded and relatively folded molecules, rather
in I; and b. The burst amplitude, which was twice as large than a single population of a relatively folded protein. The
in the wild type, was little affected by the presence of the folding kinetics at pH 2 for the acid-unfolded state to the A
salts. The general trend was for a small increase in thestates were quite fast except in the presence of 1.2 M TFA
magnitude of the burst in the presence of the salts. This mayor 3.2 M KCI. Thus, it takes longer to form the more ordered
reflect either a faster initial collapse or a more compact tertiary structure in the native state at ptb (induced by
collapsed state in the presence of the salts. In general, thehe addition of salt) compared to formation of the less ordered
amplitudes of the transients are not significantly affected by A states at pH 2.0.
the presence of the salts, indicating that the effects of the Underlying Basis for the Effects of Salts on the Stability
ions are mainly on the kinetics and not conformation on the and Structure of Staphylococcal NucleaBg.most criteria,
transient species. wild-type staphylococcal nuclease is a representative globular

If the A state intermediates of SNase are reasonable modelgrotein, with typical tight packing and tertiary structure. The
of the transient intermediates present during folding, as seem=nly indication that it might not be a representative globular
to be the case4(l), then comparison of the kinetics when protein is that the free energy of stabilization is marginal
starting with unfolded protein or A state in refolding in the (4.6 kcal/mol under the experimental conditions used here).
presence of salt should provide information regarding the On the basis of our hypothesis that the reason for the
relative position of the A states in the folding process. Since enhanced stability in the presence of added salts is due to a
no significant difference in refolding rates for NCA SNase decreased level of intramolecular electrostatic repulsion, we
was observed when starting from either thg dfate or the predict that other marginally stable globular proteins will
A; or A; state in refolding, the rate-limiting step in folding also be significantly stabilized by salts under conditions
must be late in the pathway, between theaAd native states.  where they have a substantial net charge. In fact, this is
That is, the 4 species in Schemes 1 and 2 probably corre- observed with natively unfolded proteins suchwasynuclein
spond to the A intermediate. This is also consistent with (V. N. Uversky, J. Lie, and A. L. Fink, in press) and
the observation that folding from thesUo A; or A, state prothymosina. (43).
was much faster than that from the Ar A, state to the The effectiveness of different ions (in the present case
native state. anions, but in general cations or anions) in decreasing the

Stopped-flow experiments with IAEDANS-labeled K64C level of intramolecular electrostatic repulsion and leading
SNase in the presence of 3.2 M KCl showed an unusual burstto enhanced protein structure and stability will vary, depend-
phase with a signal that was 40% greater than that of theing on the properties of the hydrated ions. On the basis of
native conformation, followed by a gradual decrease in studies with anion binding to acid-unfolded proteins, the main
fluorescence intensity. This observation means that the highfactor appears to be the effective charge density of the ion.



Effect of Salts on SNase

However, especially under conditions where the protein is
in a native-like conformation at the start, the possibility of
specific ion binding sites could lead to different specificities.
Precedence for specific anion (chloride) binding to native
states, leading to increased stability, has been previously
noted for ubiquitin at pH 2 (where the protein is nativé})(

and RNase T130).

The interactions between salts and proteins are known to
involve both electrostatic and hydrophobic effects. The
presence of ions in water, at least at higher ion concentra-
tions, leads to effects on the structure of water that are equiv-
alent to those at very high pressudby). It is this solvent
effect that is, at least in part, responsible for the effect of
salts on the hydrophobic effect@). It has been suggested
that the effects of salts on electrostatic interactions largely
affecta-helices, whereas salt effects on hydrophobic interac-
tions mostly affecf3-sheets47). If this is correct, then the
effects of salts on SNase emanate from electrostatic effects,
as proposed, since they result in an increase in helicity. At
low to moderate concentrations of sodium and potassium
salts, the expected effects on interaction with proteins will
also involve preferential hydration, i.e., preferential exclusion
of the salt from the vicinity of the surface of the protein
(48-50).

Kosmotropic (stabilizing) salts3f) such as sulfate may
affect protein structure either through direct interaction with
the protein or through effects on water structure, depending
mostly on the salt concentration. For low concentrations of
salts, both specific and nonspecific electrostatic interactions
can result in protein stabilization, whereas for high concen-
trations of salts, the major effects result from effects on water
structure and preferential exclusion of the ions from the
vicinity of the protein §0). The ion-induced effects on water
structure at high salt concentrations could in turn affect the
hydrophobic interactions within the proteifl).

Although we propose that the major effects of moderate
to high salt concentrations on SNase structure and stability
result from anion binding to ammonium groups, it is likely
that there will also be additional effects on the hydrophobic
interactions, especially at the highest salt concentrations.
These may be responsible for the differing effects of the salts
on the refolding kinetics of the wild-type and mutant SNase.
It has been shown that the degree of preferential exclusion
and increase in chemical potential of a cosolute is directly
proportional to the protein surface area. Thus, the system
will favor the protein state with the smallest aré2){ hence,
the preferential exclusion of the ions could also lead to

4.
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Goto, Y., Takahashi, N., and Fink, A. L. (199Bipchemistry
29, 3480-3488.

5. Fink, A. L., Calciano, L. J., Goto, Y., Kurotsu, T., and Palleros,
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11.
12.
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14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

25.

26.

27.
28.

29.

30.

31.

increased compactness of the native states, especially in view 32.

of the unfavorable interactions between water and the
polypeptide backbonesg).
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