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Differential Salt-induced Stabilization of Structure in
the Initial Folding Intermediate Ensemble of Barstar

Lovy Pradeep and Jayant B. Udgaonkar*

The effects of two salts, KCl and MgCl,, on the stability and folding
kinetics of barstar have been studied at pH 8. Equilibrium urea unfolding
curves were used to show that the free energy of unfolding, AGyu, of bar-
star increased from a value of 4.7 kcal mol™" in the absence of salt to a
value of 6.9 kcalmol™ in the presence of 1M KCI or 1M MgCl,. For
both salts, AGyy increases linearly with an increase in concentration of
salt from 0M to 1M, suggesting that stabilization of the native state
occurs primarily through a Hofmeister effect. Refolding kinetics were
studied in detail in the presence of 1 M KCl as well as in the presence of
1 M MgCl,, and it is shown that the basic folding mechanism is not altered
upon addition of salt. The major effects on the refolding kinetics can be
attributed to the stabilization of the initial burst phase ensemble, I;, by
salt. Stabilization of structure in I¢ by KCI causes the fluorescence proper-
ties of Iy to change, so that there is an initial burst phase change in fluor-
escence at 320 nm, during refolding. The structure in I is stabilized by
MgCl,, but no burst phase change in fluorescence at 320 nm is observed
during refolding. The fluorescence emission spectra of Iz show that when
refolding is initiated in 1 M KCl, the three tryptophan residues in I are
less solvent exposed than when folding is initiated in 1 M MgCl,. Stabiliz-
ation of Iy leads to an acceleration in the rate of the fast observable phase
of folding by both salts, suggesting that structure of the transition state
resembles that of Ir. The stabilization of Ir by salts can be accounted for
largely by the same mechanism that accounts for the stabilization of the
native state of the protein, namely through the Hofmeister effect. The
salts do not affect the rates of the slower phases of folding, indicating
that the late intermediate ensemble, I;, is not stabilized by salts. Stabiliz-
ation of the native state results in deceleration of the fast unfolding rate,
which has virtually no dependence on the concentration of KCI or MgCl,
at high concentrations. The observation that the salt-induced stabilization
of structure in Iz is accompanied by an acceleration in the fast folding
rate, suggests that I is likely to be a productive on-pathway intermediate.
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Introduction

An important and currently contentious issue in
protein folding concerns the following question: do
the changes in protein conformation that occur
immediately upon transferring a polypeptide chain
from a high concentration of denaturant (unfolding
conditions) to a low concentration (refolding con-

Abbreviations used: ANS, 8-anilino-1-naphthalene-
sulphonic acid.
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ditions) signify the formation of an intermediate
with at least some specific structure or do they
merely represent a non-specific collapse of the chain
consequent to change from good to bad solvent? For
ribonuclease A' as well as cytochrome ¢,*’ it has
been observed that the fractional change in optical
signals that occurs upon denaturant dilution for the
unfolded protein is the same as what occurs upon
denaturant dilution during a folding reaction. This
suggests that the collapse processes that occur during
the folding of these proteins are identical with those
seen during denaturant dilution of unfolded protein.
Nevertheless, it has not been shown explicitly that
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the two collapse processes are identical either in their
kinetics or in the products they lead to. On the other
hand, kinetic studies of the refolding of cytochrome
¢ consequent to denaturant dilution suggest that the
initial product is a productive folding intermediate
and does not represent the unfolded state in refold-
ing conditions.*” The issue is further complicated
because, for several proteins, the initial product of
folding consequent to denaturant dilution is structu-
rally heterogeneous,**""" presumably because of the
existence of multiple folding pathways."

One way to address the relevance of the initial pro-
duct of folding upon denaturant dilution is to inves-
tigate how its structure changes upon a change in
folding conditions that changes its stability. Inter-
mediates on the folding and unfolding routes very
often become discernible when environmental con-
ditions such as solvent composition, pH, ionic
strength and temperature are altered.” > The ability
of inorganic salts to stabilize the native states of pro-
tein is well known.”" Salts are useful for characteriz-
ing partially structured intermediate states that
populate refolding pathways, which can be induced
to accumulate transiently at sufficiently high concen-
trations of salt.”>* Intermediates have been detected
on folding pathways by the appearance of additional
kinetic phases when folding is carried out in the pre-
sence of salts. For example, when hen egg-white
lysozyme is refolded in the presence of =0.1M
NaCl, an additional kinetic phase is observed
because a kinetic intermediate is stabilized at higher
concentrations of salt* A salt-induced collapsed
state, which is populated during the refolding of the
ribosomal protein S6 from Thermus thermophilus in
the presence of Na,SO,, has been suggested to be a
prematurely collapsed form that is off-pathway
because it slows folding by several orders of
magnitude.” The use of high concentrations of KCl
contributed to the detection of multiple kinetic inter-
mediates on the unfolding routes of barstar.*

The 89 amino acid residues, single-domain pro-
tein, barstar, is the intracellular inhibitor of the extra-
cellular RNase, barnase, in the bacterium Bacillus
amyloliquefaciens. Barstar has two proline residues at
positions 27 and 48. In the N state, the N-aminoacyl
bond of Pro27 is in the trans conformation whereas
Pro48 is in the cis conformation. Unfolded barstar
has Ur and Us in equilibrium in a 30:70 ratio, where
Us is the fast folding unfolded form that has the
Tyr47-Pro48 bond in the native-like cis conformation
and Us is the slow folding unfolded form with the
Tyrd47-Pro48 bond in the non-native trans
conformation.”””® The folding mechanism of barstar
has been characterized in detail®” " and three
refolding routes are available at very low concen-
trations of denaturant:®

very fast slow

US — IMl g IN — N
fast
Us viy IMzﬂl—S»t Isy slo N Mechanism 1
fast
t
Ur 21 BN
fast

where Iz, I/ and Iy, are intermediates that form
within the first few milliseconds after initiation of
refolding. While these intermediates resemble the
U form in lacking any secondary or tertiary struc-
ture as measured by circular dichroism (CD) or
intrinsic tryptophan fluorescence, they also appear
to be collapsed structures, as measured by fluor-
escence energy transfer or by 8-anilino-1-naphtha-
lene-sulphonic acid (ANS) binding. The late,
structured intermediates Iy and I, differ from the
early intermediates in their fluorescence and CD
properties. The major structural transitions are the
fast steps in mechanism 1, and appear to occur
with identical rate constants. Thus, the folding of
barstar in strongly stabilizing conditions can be
represented as:

Kuy slow

U=1Ig —k>IL — N Mechanism 2
I; represents an ensemble of early intermediates
that equilibrate with U prior to the major structural
transition to I;, which represents an ensemble of
late structured intermediates. Iz includes Iy, Ivo
and Ig;, while I includes Iy and I, and it is likely
that both ensembles consist of many more
intermediates."

Previous studies had indicated that barstar is
stabilized considerably upon addition of 0.8 M
KC1.2° The mode of action of the salt was, however,
not determined. Progressive addition of salt to the
pH 12-unfolded D form of barstar, which has been
shown to be as unfolded as the urea-unfolded U
form,* leads first to a collapsed structureless, pre-
molten globule form, which transforms into a
more structured molten globule form at high con-
centrations of salt. The structured molten globule
has been shown to be on the direct pathway of
folding from the D form to the N state.*® This
study indicated that high concentrations of salt,
acting through a Hofmeister effect,” play an
important role in determining the structures of the
early intermediates that separate the unfolded and
molten globule forms. It is therefore important to
determine whether high concentrations of salt
play a similar role in determining the structure
and stability of the very early intermediate
ensemble I;, which accumulates initially during
the refolding of the urea-unfolded U form. It was
of particular interest to determine whether differ-
ent salts would differentially affect the structures
present in Ig.

Here, it is first shown that the free energy of
unfolding of the N state of barstar to the U form
has a linear dependence on the concentration of
KCl as well as of MgCl,, suggesting that the mech-
anism of stabilization by both salts involves
primarily the Hofmeister effect. Next, it is shown
that the structure of the initial intermediate
ensemble, I, is altered significantly in the presence
of 1M KCl. The alteration in structure results in
the fluorescence properties of I in the presence of
1M KCI being different from those of U; conse-
quently, a burst phase change in fluorescence is
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observed in the presence of 1 M KCl but not in its
absence. Stabilization of Iz by the addition of KCl
leads to acceleration of the major, fast folding
reaction, the Ir — I, reaction. Secondly, it is shown
that MgCl, stabilizes Iz and, like KCI, causes an
acceleration of the observable folding rate. From
the fluorescence spectra of Iz determined when
refolding is initiated in the presence of 1 M KCl,
in the presence of 1 M MgCl, or in the absence of
added salt, it appears that the structure stabilized
by MgCl, in the burst phase ensemble is different
from that stabilized by KCl, and from that seen in
the absence of any salt. Finally, although both salts
stabilize the N state strongly, unfolding rates are
decreased to only a very small extent. The effect of
either salt on the folding kinetics is on the steps
involving formation of Iz and I} and the rates of
the kinetic phase corresponding to the I, = N
reaction are not affected by the presence of salt.

Results

Optical spectroscopic properties of barstar are
not affected in the presence of salt (KCI or
MgCl,)

Fluorescence and CD spectra in the absence and
in the presence of KCl or MgCl, show that there is
no shift in the emission maximum (A,.,) or mean
residue ellipticity at 222 nm, respectively, for both
the N and U forms (data not shown). The N state
shows the same intrinsic fluorescence intensity in
the absence and in the presence of 1M KCl or 1 M
MgCl,, while the U form shows a 4% greater fluor-
escence intensity in the presence of 1 M KCI and an
8% greater fluorescence intensity in the presence of
1M MgCl.

Dependence of solubility on salt concentration

Figure 1 shows that the solubility of barstar
decreases with an increase in KCl or MgCl, concen-
tration, marginally more so for the latter than for
the former. A large decrease in solubility is seen
between 0 M and 0.2 M salt, and above 0.2 M salt,
the solubility decreases marginally with salt con-
centration. All experiments on the dependence of
stability and refolding kinetics on the concen-
tration of salt were done using protein concen-
trations at least tenfold lower than the solubility
limit of the protein in 1 M KCI and 1 M MgCl,.

Equilibrium urea-induced unfolding transitions
in the absence and in the presence of KCI

Figure 2(a) compares urea-induced equilibrium
unfolding transitions of barstar in the absence and
in the presence of KCl, using tryptophan emission
at 320nm as a global probe. It is seen that C,,
increases with KCI concentration. The data were
fit to equation (5). The values of AGyy and myy
obtained in the absence of any KCl are similar to
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Figure 1. Dependence of solubility of barstar on salt
concentration at 25°C. Solubility measurements were
made in varying concentrations of KCI (V) and MgCl,
(O). The continuous line through the data is drawn by
inspection only.

values reported earlier.” Similar results were
obtained with far-UV CD at 222 nm (Figure 2(b)).
Figure 2(c) shows plots of fraction unfolded, fu,
(equation (6)) with concentration of urea. At any
concentration of salt, both probes yielded over-
lapping fy plots, indicating simultaneous loss of
secondary and tertiary structure, and supporting
the assumption made in equations (5) and (7), that
the U = N transition is two-state.

Dependence of the thermodynamics of urea-
induced unfolding on the concentration of salt

Fluorescence-monitored urea-induced unfolding
transitions, such as those shown in Figure 2(a),
were determined at different concentrations of
KCl and MgCl, in the range 0-1M. Figure 3
shows the dependence of AG{y, myn and C, on
the concentration of KCl and MgCl,. At any one
concentration of salt, the value of any of these
thermodynamic parameters is the same for both
salts. The free energy of unfolding is seen to increase
linearly from a value of 4.7(%0.1)kcal mol’
(1 cal =4.184]) in the absence of salt to a value of
6.9(+0.1) kcal mol™" in 1 M KCl or 1M MgCL. The
value of myy is —1.17(=0.02) kcal mol ' M in the
absence of salt and remains unchanged with the
increase in the concentration of KCl or MgCl, up to
1 M: the values at all concentrations of KCl and
MgCl, are within three standard deviations of the
value obtained in the absence of any salt, in support
of the assumptions made in equation (4). The linear
dependence of the free energy of unfolding on the
concentration of KCl or MgCl, was fit to equation
(3), which yielded a value of 2.2 kcal mol™* M™" for

my.

Kinetics of refolding in the absence and in the
presence of salt

Figure 4 shows the kinetic traces of refolding of
barstar in 0.92M urea in the absence of added
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Figure 2. Stabilization of wild-type barstar by KCI at
pH 8, 25°C. (a) Equilibrium urea-induced unfolding
transitions were determined using fluorescence at
320 nm to monitor unfolding in 0 M (O), 0.5 M (A) and
1M KCl (©). The unfolding transitions were fit to
equation (5), and the fits, represented by the continuous
lines, yielded values for AG{y and myy of 4.7 kcal mol™
and —1.15kcalmol™*M™! in OM KCl, 5.9 kcal mol™!
and —1.15kcalmol™*M™' in 05M KCl, and
69kcalmol™? and —12kcalmol *M™! in 1M K,
respectively. (b) Equilibrium urea-induced unfolding
transitions were determined using mean residue ellipti-
city at 222nm to monitor unfolding in 0M (O), 0.5 M
(A) and 1M KCI (). The unfolding transitions were fit
to equation (5), and the fits, represented by the continu-
ous lines, yielded values for AG{n and myy of
49kcalmol™ and —1.17kcalmol™*'M™' in O0M K],
55kcalmol™ and —1.12kcalmol *M™! in 0.5M KCl,
and 69kcalmol™ and —1.19kcalmol "M in 1M
KCl, respectively. (c) The raw data in (a) and (b) were
converted to plots of fi; versus urea concentration using
equation (6) and the data fit to equation (7). The fits are
represented by the continuous lines through the data:
(O) fluorescence and (A) MRE at 222 nm.
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Figure 3. Effect of KCl and MgCl, on the thermo-
dynamics of unfolding. (a) AG{, (b) myx and (c) Cp,
were determined from urea-induced unfolding tran-
sitions of barstar in KCl (V) and MgCl, (O) at pH 8§,
25 °C, monitored by fluorescence at 320 nm upon exci-
tation at 280 nm. Error bars on the data points represent
the spreads from two separate determinations. The con-
tinuous line through the data in (a) is a fit of the data to
equation (3) and yields values for AGlN and m& of
4.7 kcal mol™' and 2.21 kcal mol "M ™!, the continuous
line through the data in (b) represents the mean value
of myy, (—1.17 kcal mol™* M™"), averaged over all salt
concentrations and for both salts, and the continuous
line through the data in (c) is described by,
Cin saty = 4.11 4 1.66 [salt].

salt, in the presence of 1 M KCI and in the presence
of 1M MgCl,. In previous studies of refolding in
the absence of added salt, the refolding of urea-
unfolded” as well as of GdnHCl-unfolded barstar®
have been described as two-exponential processes.
In Figure 4(a), it is seen, however, that the use of a
three-exponential equation, with the inclusion of
an additional kinetic phase, intermediate in rate
between the fast and slow phases, significantly
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Figure 4. Kinetics of folding in 0.92 M urea (a) in the
absence of salt, (b) in the presence of 1 M KCI, and (c)
in the presence of 1M MgCl,. In each panel, the con-
tinuous line through the data is a least-squares fit of the
data to equation (8). In each panel, inset (i) shows the
residuals of a two-exponential fit to the data, and inset
(ii) shows the residuals of a three-exponential fit to the
data. The broken line indicates the signal of the unfolded
protein at the same protein concentration.

improves the quality of the fit (Figure 4(a), insets).
The relative amplitude of the intermediate phase
is less than 5% of the total refolding amplitude at
all concentrations of urea, which is probably why
it was missed in the earlier studies. For describing
refolding in the presence of 1 M KCl, the necessity
for including the additional intermediate phase is
more obvious (Figure 4(b), insets). Figure 4(b)
shows that in the presence of 1 M KCl, there is an
additional, unobservable burst phase change in
fluorescence, which is complete in the first 1.4 ms
(dead-time of mixing): the observable kinetic

phases of refolding do not extrapolate to the signal
corresponding to U at t = 0. In the presence of 1M
MgCl,, the three observable kinetic phases account
for the complete observed change in fluorescence
(Figure 4(c)). In 0.92M urea, the rates of the fast
phase of refolding in 1M KCI and 1M MgCl,
both 65(*+5)s™!, are considerably faster than the
rate in the absence of salt, 17(+3) s~

Figure 5(a)—(c) show that in the absence of salt,
in the presence of 1 M KCl, and in the presence of
1M MgCl,, the fast rate of refolding increases
with a decrease in concentration of urea. Figure
5(b) shows that the burst phase of fluorescence
change increases in amplitude with a decrease in
concentration of urea for folding in 1 M KCl. The
observation that there is no burst phase change for
folding in 1 M MgCl,, even at the lowest concen-
tration of urea studied, where the fast rate is com-
parable in magnitude to the fast rate observed in
1M KCI, indicates that the burst phase seen in
KCl is indeed real, and not an artifact of an incor-
rectly measured dead-time of mixing. Figure
5(d)—(f) indicate that unfolding rates increase with
increasing concentration of urea, and that the
observable kinetic phases account for the complete
observed change in fluorescence during unfolding.
It is seen that unfolding rates become only margin-
ally slower in the presence of 1M KCI or 1M
MgCl,.

Burst phase changes in fluorescence
during folding

The occurrence of a burst change in fluorescence
at 320 nm, for folding in 1 M KCI but not in 1M
MgCl, or in the absence of any salt, as well as the
absence of a burst phase change in fluorescence
for unfolding in the absence or presence of salt, is
best illustrated in Figure 6(a)—(c), where the kinetic
amplitudes of folding and unfolding are compared
with the equilibrium amplitudes over a wide range
of concentrations of urea. In all cases, the end
points (t = o0) of the kinetic curves, whether fold-
ing or unfolding, fall on the equilibrium unfolding
curves, indicating that each folding or unfolding
reaction has been monitored to completion. The
start points (t = 0) of the kinetic curves for refold-
ing, obtained by extrapolation of the fits to the
observed kinetic curves, both in the absence of salt
and in the presence of 1M MgCl, fall on the
relevant linearly extrapolated unfolded protein
baselines. The t = 0 points of the kinetic curves for
unfolding in the absence as well as in the presence
of either salt, fall on the respective linearly extra-
polated native protein baselines. Only for refolding
in 1 M KCl, do the t = 0 points of the kinetic refold-
ing curves, not fall on the linearly extrapolated
unfolded protein baseline: the sigmoidal depen-
dence on the concentration of urea of the t=0
points fit very well to equation (10). The values
for AGy,;, my; and m§ (KCl), obtained from the fit,
are given in the legend to Figure 6.
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Figure 5. Kinetics of refolding
and unfolding in 0 M, 1 M KCI and
1M MgCl. (a) Kinetic traces of
refolding in 0 M KCl. From top to
bottom: representative normalized
traces of refolding in three different
concentrations of urea, 0.98M,
1.63M and 2.28M, for the first
200 ms. (b) Kinetic traces of refold-
ing in 1 M KCI. From top to bottom:
representative normalized traces of
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representative normalized traces of
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(A) and 8.76 M (<), for the first 20

seconds. (e) Unfolding in 1 M KCl:
representative normalized traces of

unfolding in three different concen-
trations of urea, 7.5M (O), 7.8 M
(A) and 8.8 M (), for the first 20
seconds. (f) Unfolding in 1M
MgCl,: representative normalized
traces of unfolding in three differ-
ent concentrations of urea, 7.25 M
(0), 7.88 M (A) and 8.5M (<), for
the first 20 seconds. In each panel,
fluorescence values have been nor-
malized to a value of 1 for fully
folded protein, the broken line indi-
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lines through the data in (a)—(c) are fits to equation (8), and the continuous lines through the data in (d)-(f) are fits to

equation (9).

Figure 6(d)—(f) compare the spectra of the pro-
duct(s) of the burst phase during refolding in
0.92 M urea to the spectrum of the native protein
dissolved in 0.92 M urea, and to the spectrum of
the unfolded protein in 9.2M urea, from which
refolding was commenced. In each case, the spec-
trum of the burst phase product(s) was determined
by obtaining kinetic refolding curves at the wave-
lengths indicated, and fitting these curves to
equation (8). The spectrum of the burst phase pro-
duct(s) for refolding in the absence of added salt
was constructed by using the fitted value at
t =5ms (Figure 6(d)), while for refolding in the
presence of 1 M salt, the fitted value at t =2ms
was used (Figure 6(e) and (f)). These times were
chosen so that in all cases only 10(£2)% of the
fluorescence change has occurred; in other words,
the folding reactions in the three different refolding
conditions have all proceeded to about the same

extent. In the absence of any salt, the spectrum of
the burst phase product(s) at 5ms (Figure 6(d))
shows a maximum at 355 nm. In the presence of
1M KCI, the spectrum of the burst phase pro-
duct(s) at 2 ms shows a maximum at 345 nm, and
is different from the spectrum of N, which shows
a maximum at 337 nm and from the spectrum of
U, which shows a maximum at 355 nm (Figure
6(e)). In the presence of 1 M MgCl,, the spectrum
of the burst phase product at 2 ms is again differ-
ent from those of U and N, with a maximum at
350 nm (Figure 6(f)).

Urea dependence of the observable kinetics in
the absence and in the presence of 1 M salt

Figure 7(a)-(c) show the rates and relative
amplitudes of the observable kinetic phases of
folding and unfolding, in the absence of salt.
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Figure 7(d)—(f) do likewise for folding and unfold-
ing in the presence of 1M KCl, and Figure 7(g)-
(i) do likewise for folding and unfolding in the pre-
sence of 1M MgCl,. The data obtained in the
absence of salt are very similar to data reported
earlier on the refolding of a mutant form of
barstar,”” except for the intermediate kinetic phase
that is reported here.

A comparison of Figure 7(a), (d) and (g) indi-
cates that upon addition of 1 M KCl or 1 M MgCl,:
(1) the fast rate constant for folding increases at all
the concentrations of urea studied; (2) the curva-
ture (roll-over) in the folding arm of the chevron
is more pronounced; (3) the fast rate constants are
well accounted for by equation (12) for refolding
in urea concentrations below 3M (up to 5M in
the presence of 1 M KCIl and 1 M MgCL); (4) the
fast rate constant for unfolding becomes only mar-
ginally slower at all concentrations of urea studied;
(5) the chevron for the fast rate constant is shifted

300 320 340 360 380 400
Wavelength (nm)

on the initial burst phase product
(®) in (d)—(f) are standard deviations
determined from three repetitions of
the experiment.

horizontally to the right to higher concentrations
of urea, but not vertically; (6) the slope of the
unfolding arm of the chevron is less and the
unfolding rates have virtually no dependence on
urea concentrations greater than 7 M; (7) the slow
rate constant of folding and unfolding is not
altered at any concentration of urea; and (8) the
rate constant of the intermediate phase is no longer
independent of the concentration of urea.
Comparisons of Figure 7(b) with (e) and (h), and
7(c) with (f) and (i), indicate that, upon addition of
1M KCI or 1 M MgCl,, (1) the relative amplitude
of the fast phase and the slow phase shows a mini-
mum (30%) and maximum (65-70%), respectively,
at a higher concentration of urea (5.3M in 1M
KCL; 54 M in 1 M MgCl,) instead of at 3.5 M urea
in the absence of salt; (2) the relative amplitudes
of the fast as well as the slow phase are less at low
concentrations of urea (only in 1 M KCI and not in
1M MgCl,) because of the presence of the burst
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Figure 7. Urea dependence of the observable folding and unfolding kinetics at pH 8, 25 °C. The dependence of the
logarithm of each of the folding and unfolding rates on the concentration of urea is shown (a) in the absence of any
salt, (d) in the presence of 1 M KCl, and (g) in the presence of 1 M MgCl,: fast refolding rate constant, A, (V), slow
refolding rate constant, A\; (O) and intermediate refolding rate constant, A; (A); fast unfolding rate constant, \, (V)
and slow unfolding rate constant, \; (®). Error bars on the points reflect the standard deviations from three repetitions
of the experiment and, in most cases, the error bars are smaller than the symbols. The dependence on the concentration
of urea of the relative amplitude (o) of the slow phase of refolding and unfolding is shown (b) in the absence of any
salt, (e) in the presence of 1 M KCl, and (h) in the presence of 1M MgCl,: refolding, (O); unfolding (®). The depen-
dence on the concentration of urea of the relative amplitudes of the fast (a,) and intermediate phases () are shown
for refolding and unfolding (c) in the absence of any salt, (f) in the presence of 1M KCl, and (i) in the presence of
1M MgCly: fast phase of refolding, (V); fast phase of unfolding, (V); intermediate phase of refolding, (A). The con-
tinuous lines through the data in (a), (d) and (g) are drawn according to equation (12) with values for k°, my, mg,
AGy;, my; and mé of (a) 50s™', 0M™', 0M™?, 0.5 kcal mol™!, —0.85 kcal mol "' M™" and 0 kcal mol™' M, respectively;
(d) 50s7!, OM™, 0.35M7', 0.5 kcal mol™!, —1.0kcal mol * M and 2.8 kcal mol™* M~ respectively and (g) 50s7",
OM™, 043 M7, 0.5 kcal mol™?, —1.0 kcal mol"* M ™" and 2.8 kcal mol™' M, respectively. Error bars on the points are
standard deviations determined from three repetitions of the experiment.

phase; (3) the relative amplitude of the fast phase
of unfolding at the highest concentrations of urea
is no longer 100% but is reduced to 85% because
the slow phase is seen in the transition zone of
unfolding and in the post-transition zone; and (4)
the relative amplitude of the intermediate phase
does not change and remains independent of the
concentration of urea.

Salt-dependence of refolding and
unfolding kinetics

Figure 8(a) shows the dependence of the
observed rate constant of the fast phase of refold-

ing in 0.92M urea on the concentration of KCl,
and Figure 8(b) does likewise for the dependence
on the concentration of MgClL. In both cases, the
dependence on salt concentration is well accounted
for by equation (12), with values for AGy;, my;, ms
(KCl) of 05kcalmol™!, —1.0kcal mol "M,
3.0kcalmol™™™M™, and AGy, my, ms (MgCl) of
0.5 kcal mol™!, —1.0 kcal mol"*M ™}, 3.0 kcal mol™*
M, respectively (see the legend to Figure 8).
Figure 8(c) shows that the relative amplitude of
the burst phase change in fluorescence, which
occurs during refolding in 0.92 M urea, has a sig-
moidal dependence on the concentration of KCl.
This dependence is well described by equation
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Figure 8. Salt concentration-dependence of fast
refolding rates and burst phase amplitudes. The protein
was refolded in 0.92 M urea at pH 8. (a) Dependence of
fast refolding rate constant, \,, on KCl concentration.
The continuous line through the data is drawn according
to equation (12) with values for k°, mP, mg, AGy;, my
and mf of 50s7!, OM™!, 035M7', 0.5kcal mol?,
—10kcalmol "M~ and 3.0kcalmol™'M™', respect-
ively. (b) Dependence of fast refolding rate constant, \,,
on MgCl, concentration. The continuous line through
the data is drawn according to equation (12) with values
for k° mR, mi, AGy, my and mi of 50s7!, OM™,
043M7!', 05kcalmol™!, —10kcalmol'M™' and
3.0kcalmol " M™', respectively. (c) Dependence of
relative amplitude of the burst phase, oy, on the
concentration of KCl (V) and on the concentration of
MgCl, (O) during refolding in 0.92M urea. The con-
tinuous line through the dependence on the
concentration of KCl is drawn according to equation
(10), with values for AGy, my and m§ (KCl) of
0.5 kcal mol !, — 1.0 kcal mol "M 'and 2.8 kcal mol ' M,
respectively. The continuous line through the MgCl,
data is drawn by inspection only. Error bars on the
data points are standard deviations determined from
three separate determinations.

(10), with values of AGy, my, and mi (KCl) of
0.5 kcal mol™!, —1.0 kcal mol"'M™!, 2.8 kcal mol -
M™', respectively (see the legend to Figure 8).
These values are similar to those obtained from
the dependence of the fast rate constant on the con-
centration of KCl in 0.92 M urea (Figure 8(a)) or
from the dependence of the burst phase change in
fluorescence on the concentration of urea, for
refolding in 1 M KCl (Figure 6(b)).

The apparent rate constants of the intermediate
and slow phases of refolding in 0.92M urea are
independent of the concentration of KCl or MgCl,
(data not shown).The relative amplitude of the
fast phase of refolding in 0.92 M urea is indepen-
dent of the concentration of KCl, while the relative
amplitudes of the slow and intermediate phases
decrease at the expense of the increase in the burst
phase amplitude. The relative amplitudes of the
fast, intermediate and slow phases of refolding in
0.92 M urea are independent of the concentration
of MgCl, (data not shown).

Discussion

Mechanism of salt-induced stabilization
of barstar

Three mechanisms can be proposed for the
observed salt-induced stabilization of barstar. The
first mechanism invokes specific binding of cations
to the native state of the protein. The importance of
surface charges in determining protein stability is
well known,” * and the locations of charges on
proteins appear to be optimized so that repulsive
charge—charge interactions are avoided.” Salts are
known to stabilize native proteins at low pH
through specific anion binding.**~* Barstar has a
charge of —6 at pH 8, and specific binding of K*
or Mg>" is expected to reduce the net negative
charge on the protein. The binding surface of bar-
star, through which it interacts with barnase, has a
cluster of four negatively charged residues, and
replacement of any one of these with alanine
results in an increase in stability.** Similarly,
removal of unfavourable electrostatic interactions
on the surface of the tenth fibronectin type III
domain of human fibronectin by mutagenesis,*
leads to protein stabilization.

Three observations argue against a specific
cation binding effect being solely responsible for
the observed stabilization: (1) specific ion-binding
interactions usually occur at low concentrations of
salts, usually below 0.2 M,**” and for specific bind-
ing, AGyny is expected to have a linear dependence
on the logarithm of salt concentration.”® Instead,
the stabilization of barstar by KCl or MgCl,
increases linearly with the concentration of salt
over the entire range, 0-1 M. (2) At pH 9.8 where
the protein has a charge of —10, the magnitude of
the increase in free energy, AAGyy, upon addition
of 0.5M KCl or 1M KCl is the same (1 kcal mol™
and 2.1 kcal mol ™', respectively) as at pH 8, where
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the charge on the protein is —6 (data not shown),
and (3) AAGyx, upon addition of 1M Mg?>* is the
same as upon addition of 1 M K*.

The second mechanism invokes Debye screen-
ing. Mobile ions can screen repulsive electrostatic
interactions in the folded state, thereby lowering
the free energy of the folded state, or they may
screen favourable electrostatic interactions in the
unfolded state thereby raising the free energy of
the unfolded state. Debye screening effects are
non-specific, depending only on the ionic strength
and not on the nature of the ions. At an ionic
strength of 1M, the Debye screening distance,
over which electrostatic interactions are dampened
out by mobile ions, is about 3 A, and this distance
is inversely proportional to the square root of the
ionic strength. In a previous study on the effect of
ionic strength, varied by addition of NaCl, on the
stability of barstar,* increased stability in the
presence of the salt was ascribed to Debye screen-
ing of unfavourable electrostatic interactions in the
native state. Only one salt was, however, used in
that study. Here, it is shown, by using two different
salts, KCl and MgCl,, that stabilization does not
occur purely through a Debye screening
mechanism. The ionic strength of a solution of
MgCl, is three times that of an equimolar solution
of KCl; nevertheless, equal concentrations of the
two salts stabilize barstar to similar extents
(Figure 3).

The third mechanism invokes the Hofmeister
effect. At high concentrations, usually greater than
0.1 M, many salts are known to stabilize proteins
as well as to decrease their solubility,*~*' by
increasing the strength of hydrophobic inter-
actions. The observation that this effect is seen
only at high concentrations of salts suggests that
the interactions of salts with proteins are weak
and non-specific.”> According to the weak inter-
action model™ for describing Hofmeister ion inter-
actions with a protein, the salt acts as a chemical
perturbant™ and increases the chemical potential
of the protein. The observation that AGyy increases
linearly with an increase in the concentration of
salt (Figure 3), validates the use of the weak inter-
action model for describing the interaction of KCl
or MgCl, with barstar.

The Hofmeister effect appears to originate in the
ability of the salt to perturb the structure and
hydrogen bonding properties of water.>* The per-
turbation leads to an increase in surface tension,
which in turn leads to preferential exclusion of the
salt from the protein—water interface.” Such salts
that interact unfavourably with the protein surface
will tend to decrease solubility and unfolding so
that the minimum surface is presented to the sol-
vent. Since the unfolded form has a larger solvent-
exposed surface than the native state, the degree
of preferential exclusion is greater for the unfolded
form than for the native state; hence, the increase
in chemical potential of the unfolded form is more
than it is for the folded state. The native state is
therefore thermodynamically favoured over the

unfolded form in the presence of salt, and the
protein is stabilized.

The stabilization of barstar by KCl or MgCl, can-
not be occurring only through a simple Hofmeister
effect. If it did, then the degree of stabilization by
1M concentrations of the two salts would not be
the same, as is observed, but would be expected
to be very different, because addition of 1M
MgCl, raises the surface tension of water 2.5 times
more than does addition of 1M KCl. Usually, a
good correlation is seen between the experimen-
tally measured negative preferential interaction of
the co-solvent with the protein, and the positive
surface tension increment,”*”” but this is not always
$0.”” For a divalent cation salt such as MgCl,, the
propensity of the salt to act as a salting-out or salt-
ing-in co-solvent, appears to be governed by a fine
balance between preferential hydration due to the
effect of the salt on the surface free energy of
water, and the weak binding of the divalent cation
to the protein.”” At present, it is not possible to
determine why the two salts at equal concen-
trations affect the stability to identical extents, or
why the two salts decrease the solubility of barstar
to almost similar extents (Figure 1), but it appears
that specific weak binding of either cation may
play a role. The stabilization of ribonuclease T, by
salts has been attributed to the weak preferential
binding of cations to the native state.”

The folding mechanism is not altered in the
presence of salt

A comparison of the folding kinetics in the
absence and in the presence of 1M KCl or 1M
MgCl, (Figure 7) indicates that the folding mechan-
ism of barstar is unaffected by the presence of salt.
Most effects due to the presence of KCI can be
accounted for either by the increase in stability of
the native state upon addition of the salt (Figure
3), or by invoking an increase in the stability of
folding intermediates known to exist on the folding
pathway of barstar (mechanism 2). Thus, for
example, the midpoint of the chevron for the fast
phase is shifted from about 4.3M urea in the
absence of salt to about 6 M in 1M KCI or 1M
MgCl,, and the relative amplitude of the slow
phase is shifted from being centred at about 3.5 M
urea in the absence of salt to being centred at
about 53 M in 1M KCl and 54 M in 1M MgCL,.
These shifts are equal to the shift seen in the value
of C,, the midpoint of equilibrium unfolding
curves of the fully folded protein, which shifts
from 4.1 M urea in the absence of salt to 5.8 M in
1M KCl and 5.9 M in 1 M MgCl,. The observation
that fast unfolding rates are slower and the fast
folding rates are faster in 1 M KCI or 1 M MgCl,,
than in the absence of added salt can be attributed
to the observed increase in the stability of N.

The major difference in the observed kinetics is
the presence of a sub-millisecond burst phase
change in fluorescence for folding in the presence
of 1M KCl, which is not seen for folding in the
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absence of added salt or for folding in the presence of
1M MgCl,. The burst phase change in fluorescence
for folding in 1 M KCI must signify the formation of
the burst phase folding intermediate ensemble (I)
within the first 1.4 ms of folding. While it might
appear that the absence of a burst phase change in
fluorescence indicates that such a burst phase fold-
ing ensemble does not form in the absence of added
salt or in the presence of 1 M MgClL, there is, in fact,
strong evidence from previous studies for the for-
mation of a burst phase intermediate ensemble, I,
even in the absence of added salt.

Properties of the intermediate I in the absence
of salt

In earlier experiments, in which the refolding of
barstar was carried out in low concentrations of
denaturant, the formation of Iz in an initial 5 ms
burst phase had been indicated by several obser-
vations. (1) In fluorescence resonance energy
transfer experiments, a major fraction of the final
efficiency of energy of transfer of the folded state
was recovered within the initial 5 ms of folding,*
suggesting that the unfolded polypeptide chain
collapses within 5ms; (2) an increase in fluor-
escence of the hydrophobic dye ANS was seen to
be complete within the initial 5ms, suggesting
that the collapsed form, Iz, has exposed hydro-
phobic patches capable of binding ANS;**" and (3)
kinetic studies could not predict the equilibrium
free energy of unfolding, AGyn.”*® The initial for-
mation of Iz was, however, observed not to be
accompanied by any change in fluorescence at
320 nm,”*® suggesting that the tryptophan
residues in I are as hydrated as they are in U. In
marginally stabilizing conditions (in the presence
of 1 M GdnHCI), the initial intermediate ensemble
I was found to be devoid of any helical secondary
structure, and it was suggested that Iy is a compact
but structureless globule.*

The observation of a burst phase change in fluor-
escence at 320 nm for folding in the presence of
1 M KCI, but not in the presence of 1 M MgCl, or in
the absence of added salt, therefore suggests that
the fluorescence properties of I are different in the
absence of added salt, in the presence of 1 M KCl,
and in the presence of 1 M MgCl,. To confirm this,
fluorescence spectra of the product(s) of the burst
phase were collected (Figure 6). These confirm that
I; is structurally distinct in each of the three con-
ditions chosen for the refolding studies.

Properties of Ig in the presence of 1 M salt

The spectra of the initial product(s) of folding in
the absence of added salt, in the presence of 1 M
KCl, and in the presence of 1M MgCl,, are com-
pared to the spectra of N and U in Figure 6(d)—(f).
In the absence of added salt, the wavelength of
maximum emission, Am.., of the burst phase pro-
duct, I, is 355 nm, which is also the \,.. for U
(356 nm). The maximum fluorescence intensity of

I; is, however, different from that of U. Moreover,
the emission spectrum of Iz cannot be represented
as a weighted sum of the emission spectra of N
and U. In the presence of 1 M KCl, the A\ of I is
345 nm, which is 11 nm blue-shifted from that of
the U state and 8 nm red-shifted from that of the
N state. In the presence of 1 M MgCl,, the A, of
Iz is 350 nm, which is 6 nm blue-shifted from that
of the U state and 13 nm red-shifted from that of
the N state. Clearly, in the presence of 1 M KCl or
1 M MgCl,, the fluorescence spectrum of Iy cannot
be represented as a weighted sum of the emission
spectra of N and U, confirming that I is distinct
from N and U. It appears from the A values of
Iz under different solvent conditions that the
tryptophan residues are fully solvent exposed in
the absence of salt, partially buried in the presence
of 1M MgCl,, and even more buried (but not as
buried as in N) in the presence of 1 M KCl. Thus,
it appears that KCl as well as MgCl,, each to a
different extent, induce and stabilize additional
structure in the I; ensemble.

Stabilization of I in the presence of salt

In the absence of salt, I has been shown to be a
molten globule-like intermediate in that it pos-
sesses hydrophobic patches to which ANS can
bind.® The stabilization of acid-induced molten
globule forms of proteins by specific anion binding
is well known,” % and the stabilities of the
molten globule forms of cytochrome c¢** and
apomyoglobin® at acidic pH are strongly depen-
dent on the net charge on the protein.

Here, the stabilization of I, as of N (see above),
is assumed to occur primarily through a
Hofmeister effect, and AGy; is assumed to have a
linear dependence on salt concentration in the
range 0—1 M. It is likely that the two salts (cations)
bind to Iz also. In fact, an initial intermediate
ensemble such as I is more likely than N to have
repulsive charges in juxtaposition (see above), and
specific binding of cations to Iz may play a rela-
tively larger role in stabilizing Iy than does specific
binding of cations to N. The observation that for
either salt, msg, is larger in value than mg', strongly
supports such an argument. Nevertheless, the
assumption of a linear dependence of AGy; on salt
concentration appears to be broadly valid:
equations (10) and (12) appear to describe satisfac-
torily the salt-dependence of folding kinetics at a
fixed urea concentration, and the urea-dependence
of folding kinetics at a fixed concentration of salt,
and consistent values for AGy;, my;, ms, k°, mP, and
mi account for the data in Figures 6-8 (see Results
and the Figure legends).

Like acid molten globule forms, the initial
molten globule ensemble Iz is expected to be
largely devoid of the specific side-chain inter-
actions that characterize native forms of proteins.
It is likely that the ensemble Ig consists of many
different forms, some less structured and some
more structured, and that in the absence of salt,
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the less structured forms are thermodynamically
favoured because of repulsion between negative
charges. In the presence of salt, when hydrophobic
interactions are strengthened by the Hofmeister
effect, and when repulsion between negative
charges are reduced by the presence of positive
charges, either free or bound, it appears that more
structured members of the Iz ensemble are thermo-
dynamically favoured, and the degree of formation
and stabilization of structure is dependent on the
specific cation present. Multiple structurally dis-
tinct, collapsed states have been observed to
accumulate initially during the folding of
lysozyme.” Both collapsed and extended confor-
mations appear to accumulate initially during the
folding of ribonuclease A*’ as well as of cyto-
chrome ¢,*" indicating that structural heterogen-
eity might be a common feature of the initial
intermediate ensembles that are the products of
sub-millisecond folding events of many proteins.

The formation and stabilization of structure in I
by the addition of KCl or MgCl, has important con-
sequences on the observed folding kinetics. (1) An
initial burst phase change in fluorescence is seen
during folding in 1 M KCl because the I ensemble
is sufficiently structured that its fluorescence at
320 nm differs from that of U (Figure 5(b)). (2) No
initial burst phase change in fluorescence is seen
during folding in 1 M MgCl, because Iy, is not suffi-
ciently structured in MgCl, for its fluorescence at
320 nm to differ from that of U (Figure 5(c)). (3)
Since the degree of stabilization of I is dependent
on the concentration of salt added (equation (3)),
the magnitude of the burst phase change in fluor-
escence seen in the presence of KCl is dependent
on the concentration of KCI (Figure 8(c)). (4) The
observed rate of the fast phase of folding is
increased in the presence of KCl (Figure 8(a)) and
in the presence of MgCl, (Figure 8(b)), because the
stabilization of Iz by the salt leads to greater
accumulation of Iz, whose folding to I, represents,
to a large extent, the fast phase of folding. The
increase in the fast rate is dependent on the con-
centration of KCI or MgCl, (Figure 8(a) and (b))
because the stabilization of I is dependent on the
concentration of salt (equation (3)). (5) There is
greater curvature (rollover) in the refolding arm of
the chevron (Figure 7(a), (d) and (g)), where the
folding rate in the presence of salt at any concen-
tration of urea is given by equation (12), because
the stabilization of I by salt has a larger effect on
the folding rate at low concentrations of urea.
Such rollovers in the refolding arms of chevrons
have been seen for many proteins,” % including
barstar? at low concentrations of urea, where tran-
sient folding intermediates become sufficiently
stable to populate to significant extents.

Validity of mechanism 2

It is observed that all kinetic data, including (1) the
dependence on the concentration of urea of folding
rates at 0 salt, 1 M KCl and 1 M MgCl, (Figure 7); (2)

the dependence on the concentration of urea of the
burst phase amplitude at 1 M KCl (Figure 6(b)); (3)
the dependence on the concentration of KCl of the
fast folding rate (Figure 8(a)); (4) the dependence on
the concentration of KCl of the burst phase ampli-
tude (Figure 8(c)); and (5) the dependence on the
concentration of MgCl, of the fast folding rate
(Figure 8(b)), can be described by equations (10)—
(12), with consistent values for AGy; and my;. This
validates the use of mechanism 2, and equations
(10)-(12), which follow from mechanism 2, to
account for all the data, just as it also validates the
use of the linear free energy model to account for
the stabilization of the initial intermediate, I, by salt.

Relevance of I

Until now, the only evidence that I is structu-
rally distinct from U had been that, I, unlike U, is
capable of binding the hydrophobic dye ANS,
attesting to its molten globule-like nature. An
important question is whether the compaction of
U to Iz merely reflects a non-specific collapse that
accompanies a change from good (high concen-
tration of denaturant) to bad (low concentration of
denaturant) solvent, during folding. In other
words, does Iz merely reflect U in low concen-
tration of denaturant? A proper answer to this
question will require determination of whether Ig
contains any specific, native-like structure, or only
non-native structure. In the case of cytochrome c,
it has been suggested that a similar initially formed
collapsed species is not really a productive inter-
mediate as believed,*” but is merely an unfolded
form in refolding conditions.> However, very
recent observations that not all folding cytochrome
¢ molecules, but only a fraction of them, populate
the collapsed species,'”*® when it first forms and
even at late times of folding, suggests that the col-
lapsed species is indeed a productive intermediate
separated from U by an energy barrier.” It remains
to be seen for barstar whether I is populated com-
pletely at the time it is first formed, but it has been
shown here that the structure of I, as measured by
its fluorescence spectrum, is affected differently by
the presence of different salts, which is a result
more expected for a partially folded structure as
found in a folding intermediate than for a comple-
tely unfolded form of a protein. Also importantly,
Iz does indeed play the role of a productive inter-
mediate: when it is stabilized by salt, folding rates
are accelerated (Figures 5, 7 and 8), suggesting
that its structure must resemble that of the tran-
sition state that follows it, because the latter must
also be stabilized for the folding rate to increase.

Materials and Methods

Bacterial strain and plasmid, and protein purification

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

Buffers and solutions

The native buffer used for all equilibrium and kinetic
experiments was 30 mM Tris—-HCI (pH 8) (ultrapure,
99.9% from GibcoBRL), 250 uM EDTA (disodium salt,
dihydrate, 99 + % from SIGMA) and 250 uM DTT (ultra-
pure from GibcoBRL). Unfolding buffer was native
buffer containing 9-10 M urea (ultrapure, 99.9% from
USB). The concentrations of stock solutions of urea were
determined by measuring the refractive index using an
Abbe 3L refractometer from Milton Roy. For folding and
unfolding studies in the presence of salt (KCl or MgCl,),
the salt was present in the refolding buffer as well as in
the unfolding buffer. All buffers and solutions were
filtered through 0.22 um filters before use and were
degassed prior to kinetic experiments.

Spectroscopic characterization

CD spectra were collected on a Jasco J720 spectro-
polarimeter, using a bandwidth of 1 nm, response time
of one second, and a scan speed of 50 nm/minute. Each
spectrum was an average of five scans monitored
between 200 nm and 250 nm. The protein concentration
used was 15 pM for the far-UV CD experiments, and
the path-length of the cuvette was 0.1 cm. Fluorescence
spectra were collected on a SPEX DM 3000 spectrofluori-
meter. The protein was excited at 280nm and the
emission monitored between 300 nm and 400 nm with a
bandwidth of 0.37 nm for excitation and 10 nm for emis-
sion. Each spectrum was an average of three scans. The
protein concentration was typically 2—-4 pM and the
path-length of the cuvette used was 1 cm.

Equilibrium denaturation studies

Protein stability at equilibrium was determined by
urea-induced denaturation studies using two probes.
The CD at 222nm and fluorescence at 320 nm were
monitored as described above. Prior to the CD and fluor-
escence measurements, the samples were equilibrated
for at least four hours. Identical results were obtained if
the time of incubation was 24 hours.

Kinetic experiments

Kinetic experiments were performed on a Biologic
SFM-4 stopped-flow mixing module. Folding and
unfolding were monitored using intrinsic tryptophan
fluorescence as the probe. The excitation wavelength
was set at 280nm, and emission was monitored at
320 nm using an Oriel bandpass filter with a bandwidth
of 10 nm. The protein concentration during both refold-
ing and unfolding was between 15 uM and 30 uM. In
all experiments, an FC-08 cuvette with a path-length of
0.8 mm was used, the total flow-rate was 6.52 ml/
second, and the dead-time of the instrument was 1.4 ms.

For refolding experiments, barstar was unfolded in
9-10 M urea (unfolding buffer) for at least four hours

(the unfolding buffer contained KCl or MgCl, when
refolding was studied in the presence of salt). In refold-
ing experiments, the final concentration of urea was
between 0.9M and 3.8 M in the absence of salt, and
between 0.9M and 5.8M in the presence of KCl or
MgClL. For unfolding experiments, barstar was incu-
bated in native buffer for at least four hours (the native
buffer contained KCl or MgCl, when unfolding was
studied in the presence of salt). In unfolding experi-
ments, the final concentration of urea was between
3.0M and 9.5M in the absence of salt, and between
5.0 M and 9.5 M in the presence of KCI or MgCl,.

Emission spectrum of the forms present at 2 ms and
5 ms of folding

A Biologic SFM-400 stopped-flow mixing module
equipped with a monochromator (MOS-250) was used.
The protein was excited at 280 nm. Fluorescence emis-
sion was monitored at wavelengths ranging from
300 nm to 400 nm for the refolding in 0.92M urea of
25-30 pM barstar, in the presence of 1M KCl or 1M
MgCl,, or in the absence of added salt. An FC-08 cuvette
was used, with typical flow-rates of 7.5 ml/second, and a
dead-time of 1.2ms. At each wavelength, the kinetic
curve for folding was determined, fit to an exponential
function, and the value of fluorescence at 2 ms (presence
of salt) or 5 ms (absence of salt) was obtained. Emission
spectra at 2ms (presence of salt) or 5ms (absence of
salt) of refolding were constructed in this way. These
were compared to the emission spectra of the native
and the unfolded states obtained similarly in the absence
of salt or in the presence of 1 M KCl or 1 M MgCl,.

Solubility measurements

The solubility of the protein at different salt concen-
trations (both KCl and MgCl,) was determined by
measuring protein concentration using the Bradford
colorimetric estimation method.

Data analysis

Solubility

The dependence of protein solubility (S) on the con-
centration of salt is described by the Setschenow
equation,”” when Hofmeister salt interactions with a
protein can be described completely in terms of the
weak interaction model:*’

log S = log S(0) — KsCs 1)

where S(0) is the solubility of the protein in the absence
of salt, Cs is the concentration of salt, and Ks is the salt-
ing-out coefficient.

Equilibrium and kinetic studies

According to the weak interaction (linear free energy)
model for describing the interaction of urea (D) with a
protein,®”! the change in free energy, AG/, that occurs
upon unfolding of any form of a protein, j, in the pre-
sence of D, is linearly dependent on denaturant concen-
tration, [D]:

AG/U] = AGU]' + mUj[D] (2)

where my; is the change in free energy associated with



344

Stabilization of an Early Folding Intermediate of Barstar

the preferential interaction of the denaturant with the
unfolded form, U, relative to the folded (partially or
fully) form, j. When the form j is a partially folded inter-
mediate I, AGy/, represents the free energy of unfolding
of I, and when j is the native state, N, AGyn' represents
the free energy of unfolding of N in the presence of
denaturant. AGy; represents the free energy of unfolding
of the folded (partially or fully) form j to U in the absence
of any denaturant or added co-solute.

A Hofmeister salt, S, acting as a chemical perturbant,
interacts with a protein according to the weak interaction
model*®**7>~7* and the free energy of unfolding of a
folded form j to U, in the presence of S, is linearly depen-
dent on salt concentration, [S]:

AGY; = AGy; + my[S] 3)

my{ is the change in free energy associated with the pre-
ferential interaction of the salt with the unfolded form,
U, relative to the folded (partially or fully) form, j.
According to equation (3), m¢ has a positive value when
the folded form is stabilized in the presence of salt.
When the form j is a partially folded intermediate I,
AGY; represents the free energy of stabilization of I, and
when j is the native state, N, AG{)y represents the free
energy of stabilization of N, in the presence of salt.

Thus, in the presence of both denaturant and salt, the
free energy of unfolding of a folded form, j to the
unfolded form U, AG"y; is given by:

AGY}; = AGy; + m[S] + my;[D] @)

Equation (4) assumes that my; is independent of [S] and
that md is independent of [D].

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

—(AG!+munID))
_ YN +mn[D] + (Yy + my[DDe RT 5
B —(AG[ +mun[D]) ©)
l+e  RT

where Y, is the value of the spectroscopic property being
measured as a function of [D] at fixed [S], Y and Yy rep-
resents the intercepts, and my and my the slopes, of the
native protein and unfolded protein baselines, respect-
ively. Thus, fits of denaturant-induced equilibrium
unfolding data at different fixed values of [S] to equation
(5), yield values for AG{;y and myy at each fixed [S], and
a subsequent fit of the salt-dependence of AG{y to
equation (3) yields values for AGyy and m§'.

Raw equilibrium unfolding data of N as a function of
[D] were also analysed in an alternative way.* They
were first converted to plots of fraction unfolded (fy)
versus [D], using equation (6) and the fy values were
then fit to equation (7):

Yo — (Yn + mn([D])

Yo

= (6)
o= § ¥ moDD - (¥a + maIDD
—(AG{ ) +muyn(DI])
. e RT
fu= —(AG]  +mun D) @)

1+e RT

In equation (7), fu is related to AG"yy by a transform-
ation of the Gibbs—Helmholtz equation in which the
equilibrium constant for unfolding in the transition
zone, K"yy, is given by K{jy = fu/(1 — fu), for a two-
state transition.

The concentration of the denaturant at which the
protein is half unfolded (when AGy; = 0), is given by C,,
and from equation (2), C., = AGy;/my;.

The observable kinetics of folding of barstar in the pre-
transition zone are described by a three-exponential
process:

A(f) = A(0) — A e ™M — Ay e ™™ — Az e (8)

where A(t) and A(co) are the observed reduced ampli-
tudes at time ¢ and at infinity, \;, A\, and \; are the
apparent rate constants of the slow, fast and intermediate
phases, and A;, A, and A; are the respective amplitudes.
The relative amplitude of each phase was determined
by dividing the observed amplitude of that phase by the
equilibrium amplitude of the reaction at that concen-
tration of urea. In the transition zone, the folding process
is two-exponential and is described by equation (8), with
A;=0.

The observable kinetics of unfolding in the transition
zone and post-transition zone is described by a two-
exponential process:

A(f) = A(00) + Ay e M + Ay e 9)

or by a single exponential process, by setting A, equal to
zero in equation (9).

To analyse kinetic data according to Mechanism 2, it is
assumed that the conformational transitions between U
and Iz are rapid compared to the subsequent slow
conversion of Iy to Iy and N, so that a transient pre-
equilibrium, characterized by the equilibrium constant,
Ky, is established between U and I.

Thus, the pre-equilibrium data for the denaturant-
induced unfolding of I, obtained from kinetic experi-
ments in the presence of a fixed concentration of S, as
well as the pre-equilibrium data for the salt-induced
stabilization of I at a fixed concentration of denaturant,
were fit to a two-state U = Iz model according to the
equation:

Yo =
—(AGyi+mui[D]+m[S]) (10)
Y1+ m[X] + (Yu + mu[X]De RT
—(AGy+mui[D]+mg[S])
l1+e RT

where [X] is the variable [D] for experiments in which
refolding is carried out at a fixed value of [S], and [X] is
the variable [S] for experiments in which refolding is car-
ried out at a fixed [D]. Y, is the value of the spectroscopic
property being measured as a function of the variable
[X], Y1 and Yy represent the intercepts, and m; and my
the slopes, of the Ir and U baselines, respectively.

The dependence of the rate constant, k, for the conver-
sion of Iz to Iy or N (Mechanism 2) is expected to
decrease exponentially with an increase in [D], because
the free energy of activation is expected to increase line-
arly with an increase in [D]. Also, k is expected to
increase exponentially with an increase in [S], because
the free energy of activation is assumed to decrease line-
arly with an increase in [S]. This is given by the equation:

k=K e—mkD[D] emﬁ[S] 11D

where k° is the rate constant in the absence of denaturant
and salt, RTmy is the free energy associated with the pre-
ferential interaction of denaturant with the transition
state relative to I, and RTms is the free energy associated
with the preferential interaction of salt with the tran-
sition state relative to Ig.
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Then, the observed rate of folding, \”, in the presence
of both urea at concentration [D] and salt at concen-
tration [S], is given by:

- ZD IHS
= k = K0 el ¢ k[s]l 12)
—aby —(AGur+mui[D]+mg(S])
1+e RT 1+e RT
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