BIOCHEMISTRY

including biophysical chemistry & molecular biology

pubs.acs.org/biochemistry

Four-State Folding of a SH3 Domain: Salt-Induced Modulation of the
Stabilities of the Intermediates and Native State

Amrita Dasgupta and Jayant B. Udgaonkar*

National Centre for Biological Sciences, Tata Institute of Fundamental Research, Bangalore 560065, India

ABSTRACT: Unstable intermediates on the folding pathways of
proteins can be stabilized sufficiently so that they accumulate to
detectable extents by the addition of a suitable cosolute. Here, the effect
of sodium sulfate (Na,SO,) on the folding of the SH3 domain of PI3
kinase was investigated in the presence of guanidine hydrochloride
(GdnHCI) using intrinsic tyrosine fluorescence and 1-anilinonaphtha-
lene-8-sulfonate (ANS) binding. The free energy of unfolding in water of 01
the native state (N) increases linearly with Na,SO, concentration,
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indicating stabilization via the Hofmeister effect. The addition of 0.5 M

Na,SO, causes accumulation of an early intermediate L, which manifests itself as (1) a sub-millisecond change in tyrosine and
ANS fluorescence and (2) a curvature in the chevron plot. It is shown that L is a specific structural component of the initially
collapsed ensemble. An intermediate, M, also accumulates in unfolding studies conducted in the presence of 0.5 M Na,SO, and
manifests itself by causing a curvature in the unfolding arm of the chevron. M is shown to be a wet molten globule that binds to
ANS under unfolding conditions and is stabilized to the same extent as N in the presence of Na,SO,. A four-state U <> L & M
< N scheme satisfactorily modeled the kinetic data. Thus, the folding of the PI3K SH3 domain in the presence of salt
commences via the formation of a structured intermediate ensemble L, which accumulates before the rate-limiting step of folding.
L subsequently proceeds to N via the late intermediate M that forms after the rate-limiting transition of folding.

Protein folding reactions often appear to be two-state
transitions between the unfolded (U) and native (N)
states.' For such “two-state” folders, native state topology
appears to be a major determinant of folding rates,>* although
the size of the protein®® and its stability’ also appear to be
important. Mutational®” and theoretical °~'* studies suggest
that transition states are predominantly native-like with few
non-native interactions. This simplistic picture of protein
folding is supported by and in turn reinforces simplified
computer simulations of folding based on G6 models, which
favor only native contacts.'>'* The complexity of the free
energy landscape available to a protein for folding" does,
however, manifest itself in experimental studies designed to
look for conformational heterogeneity,"*™>° multiple path-
ways,”' 7> or global downhill folding’*™>® In contrast to
barrier-limited folding where distinct structural forms are
separated by substantial (>3kzT) free energy barriers, global
downhill folding*”*® is a scenario in which one form changes
structure gradually over many small distributed barriers.”*°
This complexity of protein folding reactions has been captured
well in recent computer simulations,®' ~>* especially those based
on network models.***”

The hidden complexity of protein folding reactions can be
revealed not only by the use of suitable experimental
probes®*™*' but also by manipulation of either the folding
conditions**™** or the protein sequence.***® Such manipu-
lation can lead to sufficient stabilization of a folding
intermediate so that it is detectable.*”*"~* Alternatively,
different components of an intermediate ensemble may be
stabilized under different folding conditions,"*° so that the
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ensemble-averaged structure of the intermediate will appear
different under different folding conditions. Hence, the
modulation of folding conditions can provide valuable insight
into protein folding mechanisms. The detection and character-
ization of refolding and unfolding intermediates are also
essential in the context of their possible role as monomeric
precursors on the aggregation pathways of some proteins.>">>

While the role of collapsed intermediates detected before the
rate-limiting step of the folding pathway is primarily to guide
the unfolded state to the native protein,*® the detection and
characterization of partially unfolded forms during unfolding
reactions provide insight into the chemical forces that maintain
the integrity of the folded structure®* as well as the structure of
the transition state of unfolding that may or may not be similar
to that of the native state.>> >’ Thus, unfolding studies of
several proteins have been 7performed to characterize such
partially unfolded forms,””>”~>" and high-resolution probes
such as hydrogen exchange® coupled to either NMR,*' mass
spectrometry (HX-MS),>”*® or time-resolved (TR) multisite
FRET>* have helped in elucidating which parts of the native
structure dissolve first during the unfolding process.

The PI3K SH3 domain is an 82-residue protein whose
structure is composed of five f-strands and two helix-like turns
(Figure 1). Earlier, SH3 domains appeared to be two-state
folding proteins: kinetic intermediates could not be detected on
either the folding or unfolding pathways."®> Only recently have
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Figure 1. Structure of the PI3K SH3 domain. The positions of W53
(cyan) and the seven tyrosines (magenta) at positions 4, 6, 10, 12, 57,
71, and 74 are indicated. The ribbon diagram generated from Protein
Data Bank entry 1pnj was produced using UCSF Chimera from the
Resource for Biocomputing, Visualization, and Informatics at the
University of California (San Francisco, CA).1?

the folding and unfolding mechanisms of the PI3K SH3 domain
been investigated in detail*>*">” The refolding of the PI3K
SH3 domain in the absence of added cosolutes has been shown
to commence with the formation of a non-specific structure-less
globule, Uc,*' populated before the rate-limiting step of folding.
Thus, this protein serves as a good model system for
investigation of the interplay of collapse and structure
formation in the very fast steps of protein folding and for
investigation of whether the modulation of folding conditions
can lead to the transformation of the collapsed product from a
non-specific globule to a structured intermediate.

In this study, the effect of Na,SO, on the stability of the
PI3K SH3 domain and folding mechanism has been
investigated. Two spectroscopic probes, intrinsic tyrosine
fluorescence and ANS fluorescence, sensitive to the detection
of specific intermediates, have been used to study the folding
mechanism. The native state (N) is shown to become stabilized
in the presence of Na,SO, An intermediate (part of the
collapsed ensemble) L is populated significantly in the presence
of 0.5 M Na,SO,. When the unfolding reaction was monitored
in the presence of 0.5 M Na,SO,, the previously identified
unfolding intermediate, M,% was found to be stabilized to the
same extent as N. Thus, in the presence of 0.5 M Na,SO,, the
folding mechanism of the PI3K SH3 domain can be described
by a linear four-state mechanism, U < L <> M < N, where L is
a productive on-pathway intermediate that guides the structure-
less globule U (the unfolded state under native-like
conditions) to develop into the native state via the formation
of a late folding intermediate, M.

B MATERIALS AND METHODS

Protein Expression, Purification, and Labeling. The
wild-type protein was purified as described previously.*">
Electrospray ionization mass spectrometry showed that the
protein had the expected mass of 9276.2 Da.

Buffers, Reagents, and Experimental Conditions
Used. All reagents and buffers, including Na,SO,, of the
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highest purity were procured from Sigma. Ultrapure grade
GdnHCI and urea were obtained from USB Corp. Phosphate
buffer (20 mM, pH 7.2) was included in the buffers used for all
the experiments, which were all performed at 25 °C. The
concentrations of the stock solutions of GAnHCI and urea were
determined by refractive index measurements on an Abbe
refractometer. The concentration of the wild-type protein was
determined by measurement of the absorbance at 280 nm using
an & of 17900 M~! cm™1.%

For equilibrium unfolding experiments using fluorescence as
the probe, the protein concentrations used were 10—15 pM.
For experiments using far-UV CD at 222 nm as the probe, the
concentration of the protein was 30 uM. For the kinetic
refolding or unfolding experiments in the presence of 0.5 M
Na,SO,, using tyrosine fluorescence as the probe, the
concentration of the protein used was 10—20 yM. To check
that transient aggregation did not occur during folding or
unfolding, refolding in 0.4 M GdnHCI and unfolding in 3.5 M
GdnHCI were also studied using a protein concentration of 200
UM.
Equilibrium Unfolding Experiments. Experiments at
different concentrations of Na,SO, were performed on a
stopped-flow module (SFM-4, Biologic) in a fluorescence
cuvette with a path length of 1 cm. The wavelength used for the
selective excitation of the tyrosines was 268 nm, with a
bandwidth of 4 nm. The fluorescence emission was measured
through a 300 nm band-pass filter with a bandwidth of 10 nm
(Asahi Spectra). Far-UV CD experiments were performed on a
Jasco J-815 CD spectropolarimeter. A 0.2 cm path length
cuvette was used for all CD experiments.

Kinetic Refolding and Unfolding Experiments. All
tyrosine fluorescence and ANS fluorescence experiments were
performed on the SFM-4 stopped-flow module. Typically, a
dead time of 6 ms was achieved with a cuvette with a path
length of 0.15 cm. For experiments using ANS, the ANS
concentration was 540 yM in the refolding/unfolding buffer
and the protein concentration was 45 ,uM.“ The excitation
wavelength was 295 nm with a bandwidth of 4 nm, and the
emission wavelength was 450 nm with a bandwidth of 25 nm.

Data Analysis. Analysis of Equilibrium and Pre-Equili-
brium Unfolding Data. The equilibrium data for the unfolding
of N to U (the N < U transition), the t = 0 points of the
kinetic traces of refolding (the U <> L transition) and unfolding
(the N <> M transition) as a function of the concentration of
GdnHC], [D], at a fixed concentration of Na,SO,, [S], were fit
to a two-state i <> j model given by the following equation:

1

/[1 n e—(AGi?'S+m§[D]>/RT]

Y, = [Y. + miS[D] + (Y]. + mjs[D])e—(AGi‘i’vS+m§[D])/RT:|

(1)

where Y; is the value of the spectroscopic property being
measured as a function of [D], Y, and Y; represent the
intercepts, m; and mjS represent the slopes of the pre- and post-
transition baselines for the i <> j transition, respectively, AGS’S
is the free energy of unfolding of state i in water at a fixed
concentration of Na,SO,, and mg is the change in the free
energy associated with the preferential interaction of D with
state j, relative to state i.

The raw data for the equilibrium unfolding of N to U at
different concentrations of S were also converted to plots of f,

versus [D] using eq 2 and then fit to eq 3:
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Y, = (¥ + my[D]) dependent on [D], given by the slopes mfy, myy, and myy,

b = Yy + my[D] — (Yy + my[D]) @) feSPectisvely- o
o~ (AGRS+miy[D))/RT AGry = AGry + myy[D] (s)
Jo = T aa T (3) AGyy, = AGyy + my [D] (6)
The data in Figure 3A were fit to the expression given below AGI§IM _ AGI(\’f;[ + VH;M[D] o)
AGI(\)I'ISJ = Alxu + mS[S] (4) where AG{’S, AGK}ISL, and AG&%,[ are the free energies of

unfolding in 0.5 M Na,SO, in the absence of a denaturant.

where AGyy is the free energy of unfolding of N in the absence
Two-state analyses (see above) were performed to obtain the

of any salt and my is the change in free energy associated with oS < 9 S
the preferential interaction of Na,SO, with U, relative to N in values of AGiy and miy, and AGiy and myy, from the
the absence of any denaturant.®’ dependencies on [D] of the ¢ = 0 points of the kinetic traces of
Analysis of the Refolding and Unfolding Kinetics in the refolding an‘i Sunf(’ldir;g in Figure 4 respectively. Then, 69;‘;
Presence of 0.5 M Na,SO,. The refolding and unfolding values of AGyyy and myy, were obtained from egs 8 and 9:™

kinetics in Figure 5 were analyzed according to Scheme 1. AGI(\)I'EI _ AG{G‘fA + AGf/ii + AGE{E )
Scheme 1 s S S S
Ty = TNy T My T My )
ks, ks ks C
U " M—N The microscopic rate constants, ky; and kyy (in Scheme 1),
are defined as
ST Kim
In kyy, = In kg + myg [D]/RT (10)
The free energies for unfolding when [S] = 0.5 M Na,SO,, S oS ks
AGYy, AGY;, and AGyy, were assumed to be linearly In kpy = Inkpy + myj[D]/RT (11)
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Figure 2. Dependence of the structure and stability of the PI3K SH3 domain on Na,SO, concentration at pH 7.2 and 25 °C monitored by intrinsic
tyrosine fluorescence and far-UV CD. (A) Far-UV CD spectra in 0 M (green), 0.5 M (blue), and 1.0 M Na,SO, (pink). (B and C) Equilibrium
GdnHCl-induced unfolding transitions monitored using far-UV CD at 222 nm (B) (filled symbols) and intrinsic tyrosine fluorescence at 300 nm
(C) (empty symbols) in the presence of 0 M (squares), 0.5 M (triangles), and 1.0 M Na,SO, (inverted triangles). The solid lines in panels B and C
represent fits to a two-state N <> U model for unfolding using eq 1. The fit yields values for the midpoint of the transition, C5, and for the free
energy of unfolding, AGRy), of 1.4 M and 4.2 keal mol™ at [S] = 0; 2.3 M and 7.1 kcal mol™ at [S] = 0.5 M Na,SO,; and 3 M and 9.3 kcal mol™ at
[S] = 1.0 M Na,SO,, respectively. The raw data in panels B and C were transformed into plots of f, vs [GdnHCI] using eq 2, which are shown in
panel D. Data obtained using intrinsic tyrosine fluorescence (empty symbols) and MRE at 222 nm (filled symbols) as the probes for unfolding in 0.5
M (triangles) and 1 M Na,SO, (inverted triangles) are shown. The solid lines through the data in panel D represent fits to eq 3.
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where k95 and k% are the values in 0.5 M Na,SO, and m¥;,
and m¥%y; represent the preferential free energies of interaction
with denaturant, of TS2 (the transition state preceding M
during folding) in comparison to that of M, and that of L,
respectively.

The sequential four-state model (Scheme 1) was used to
analyze the observed refolding and unfolding kinetics in Figure
S. The analytical solution to Scheme 1 is complex. To make the
analyses simple, we assumed that k{; and kf, are greater than
kiy and that k3 and ki are greater than ky; for all
concentrations of denaturant. Thus, during refolding, U rapidly
transforms to L and a fast pre-equilibrium can be assumed for
the U © L transition.>? Similarly, during unfolding, N rapidly
transforms to M and a fast pre-equilibrium can be assumed for
the N <> M transition.”” The equilibrium constants defining the
pre-equilibrium for the refolding and unfolding reactions are
defined by K3y = ki /kiy and Ky = kinw/kam, respectively,
where AGY; = —RT In(K$y) and AGYy = —RT In(K3y,). For
the refolding reaction, the major observable phase is the
transition from L to N via M. Thus, the observed rate constant
for refolding, A; can be approximated by the equation

S
A _ KUL S
- LM
KS, + 1 (12a)
Under refolding conditions, M is very rapidly transformed to N,
and the transition from U to N via L can therefore be
approximated as a three-state reaction.*’%* At high GdnHCI
concentrations, K%L < 1 and
A = Kkt (12b)
Using a similar analysis for the unfolding reaction, where the
single phase observed during unfolding is the transition from M
to U via L, the observed rate constant for unfolding, 4, is
approximated by the equation

S
— KNM S
Ko+ 10

u

(13a)

Under unfolding conditions, L is rapidly transformed to U, and
therefore, the transition from N to U via M can be considered
to approximate a three-state transition.”” At low GdnHCI
concentrations, Ky, < 1 and

Ay = KIiMkE/IL (13b)

From eqs 12b and 13b, K}y = 4./4¢ or Ky = (RnKan)/
K.

Because curvatures were observed in the refolding and
unfolding chevrons, the dependence of Ay, on GdnHCI
concentration was fit to the equation A.,, = 4; + 4,. Hence

S
KUL S

K, +1

S
I<NM N

Abz
obs KEIM‘FIML

(14)

0,8 —md; [D]/RT
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where K{ji and Ky are equilibrium constants defining the pre-
equilibrium for the refolding and unfolding reactions,
respectively, in the presence of 0.5 M Na,SO, and in the
absence of any denaturant.

B RESULTS

Spectroscopic Characterization of the PI3K SH3
Domain in the Presence of Na,SO,. Upon addition of
Na,SO,, the fluorescence emission spectrum of the native
protein shows no change in its A, or intensity (data not
shown). However, the far-UV CD spectrum (Figure 2A) of the
native protein shows an increase in the MRE at 222 nm with an
increase in the concentration of Na,SO,. It is important to note
that the protein remains monomeric at high concentrations of
Na,SO,. Dynamic light scattering (DLS) experiments as well as
multiple-angle light scattering (MALS) experiments conducted
at a 10-fold higher protein concentration (150 uM) show that
the native protein has the same hydrodynamic radius and molar
mass in 0.5 M Na,SO, that it does in the absence of added salt
(data not shown).

Panels B and C of Figure 2 show the GdnHCl-induced
equilibrium transitions at varying concentrations of Na,SO,
using far-UV CD at 222 nm and intrinsic tyrosine fluorescence
at 300 nm, respectively, as the probes. The results obtained in
the absence of Na,SO, are the same as those reported
previously.**”*> The far-UV CD-monitored GdnHCl-induced
unfolding transitions of the protein in 0.5 and 1.0 M Na,SO,
are distinctly sigmoidal compared to the transition in the
absence of Na,SO,. The sigmoidal GdnHCl-induced equili-
brium unfolding transitions obtained in the presence of Na,SO,
using the two probes were found to be completely coincident
(Figure 2D). Hence, a concomitant loss of secondary and
tertiary structure occurs in the presence of salt, validating the
assumption made in the analysis using eq 1, that the N & U
transition is essentially two-state with no intermediate
detectable at equilibrium.

Fluorescence emission-monitored GdnHCl-induced and far-
UV CD-monitored GdnHCl-induced equilibrium unfolding
experiments were performed at different concentrations of
Na,SO, (Figure 3A,B). Fluorescence-monitored urea-induced
equilibrium unfolding transitions at varying concentrations of
Na,SO, were also examined (Figure 3A). Identical values are
obtained for AGY from the urea-induced and GdnHCI-
induced equilibrium unfolding experiments at different Na,SO,
concentrations (Figure 3A), indicating that the ionic strength of
GdnHCI does not contribute to the enhanced stability of the
protein in the presence of Na,SO,. The value of the free energy
for unfolding, AGY; (see Data Analysis), and the midpoint of
the transition (C,,) are seen to increase linearly with an increase
in [S]. The value of myy, (a measure of the change in accessible
solvent surface area) did not change significantly with the
addition of Na,SO,; thus, average values of —3.0 + 0.3 kcal
mol™ M~ in GdnHCl and —1.1 + 0.05 kcal mol™ M™" in urea
were used for all the analyses.

Intrinsic Tyrosine Fluorescence-Monitored Refolding
and Unfolding Kinetics. Panels A and B of Figure 4 show
representative kinetic traces of refolding and unfolding,
respectively, in the presence of 0.5 M Na,SO,. In both the
refolding and unfolding kinetics, a burst phase (within 6 ms of
mixing) is observed (Figure 4C); the t = 0 points of the kinetic
traces of refolding and unfolding do not fall on the extrapolated
unfolded and native baselines, respectively. Refolding subse-
quent to the burst phase occurs in two exponential phases at <2

dx.doi.org/10.1021/bi300223b | Biochemistry 2012, 51, 4723—4734
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Figure 3. Effect of Na,SO, on the free energy of unfolding of the PI3K
SH3 domain. AGY, (A) and C3 (B) were determined for the
GdnHCl-induced unfolding transitions using intrinsic tyrosine
fluorescence at 300 nm (brown squares) and MRE at 222 nm (blue
triangles) as the probes at different concentrations of Na,SO,. Panel A
also shows the effect of Na,SO, on AGR; (green diamonds)
determined for urea-induced unfolding transitions using tyrosine
fluorescence at 300 nm. Mean values for myyy of —3.0 kcal mol™ M™*
in GdnHCl and —1.1 kcal mol™ M~ in urea were used in the two-
state fitting analysis. The solid line in panel A represents a fit to eq 4
and that in panel B to the equation C5, = C,, + 1.3[S]. The error bars
represent the standard deviations obtained from two or more
independent experiments.

M GdnHCI and in a single-exponential phase at >2 M
GdnHCI. The observable phase for unfolding below 4 M
GdnHCl fits to a single-exponential equation. The t = co points
of the kinetic traces of refolding or unfolding lie on the
equilibrium unfolding transition in Figure 4C, indicating that
both reactions were monitored to completion. To rule out the
possibility that transient aggregation occurs during folding or
unfolding, it was important to show that the observed folding
and unfolding rates were independent of protein concentration.
When folding in 0.4 M GdnHCl or unfolding in 3.5 M GdnHCI
was conducted at 10-fold higher protein concentrations (see
Materials and Methods), it was found that the observed folding
and unfolding rates were indeed not altered (data not shown).

The t = 0 points of the kinetic traces of refolding and
unfolding in Figure 4C show sigmoidal dependencies on the
GdnHCI concentration. Thus, the burst phase change during
refolding suggests that a rapid pre-equilibrium is established
initially between U and a refolding intermediate, L, during
refolding. Similarly, the unfolding kinetics suggests that a rapid
pre-equilibrium is established between N and an unfolding
intermediate, M, during unfolding (see Data Analysis).

ANS Fluorescence-Monitored Refolding and Unfold-
ing Kinetics. ANS is a hydrophobic dye that binds to solvent-
exposed hydrophobic clusters in folding and unfolding
intermediates.*"*"%*~%® Such binding leads to an enhancement
of the fluorescence signal of the bound ANS. Figure 4D shows

4727

representative kinetic traces of refolding monitored using ANS
fluorescence, in the presence of 0.5 M Na,SO,. It is seen that
the change in ANS fluorescence for the refolding reaction at the
lowest concentration of GdnHCI is large and has increased
substantially versus that seen for folding in the absence of salt.*!
The inset of Figure 4D shows that the amplitude of the initial
increase in ANS fluorescence decreases exponentially with an
increase in the concentration of GdnHCI at which folding is
conducted.

When ANS fluorescence was used to monitor the unfolding
of the PI3K SH3 domain in the presence of 0.5 M Na,SO,, an
increase in fluorescence was observed (Figure 4E), which is
significantly smaller than the amplitude observed during
refolding. Such an increase in ANS fluorescence, with a similar
amplitude, was also observed when the unfolding was
conducted in the absence of added salt (data not shown).
The rates of unfolding (Figure S) at high concentrations of
GdnHCl (>4 M) could be measured only using ANS
fluorescence, because the entire change measured by intrinsic
tyrosine fluorescence occurred in the burst phase of unfolding.
The curvature in the unfolding arm of the chevron becomes
clear when it is constructed with both the intrinsic tyrosine
fluorescence and ANS fluorescence-monitored rate constants.

The Refolding and Unfolding Kinetics of the PI3K SH3
Domain Can Be Described Using a Minimal Four-State
Scheme. Figure 4 shows that a refolding (L) and unfolding
(M) intermediate can be detected in kinetic studies monitoring
intrinsic tyrosine fluorescence and ANS fluorescence in the
presence of 0.5 M Na,SO,. M represents a late intermediate
ensemble that is populated in the absence®” and presence of 0.5
M Na,SO,. L is detected only in the presence of 0.5 M Na,SO,.
In Figure S, it is shown that the ANS fluorescence-monitored
rates of refolding and unfolding coincide with the rates
observed using tyrosine fluorescence, indicating that both
probes monitor the same kinetic process. It is seen that at low
(<1 M) and high concentrations (>4 M) of GdnHCl, A,
begins to level off. Thus, the dependencies of the observed rates
of the fast phase of refolding and unfolding on the GdnHCI
concentration in Figure S were analyzed on the basis of a four-
state mechanism represented by Scheme 1 (see Data Analysis).
The dependence on the GAnHCI concentration of the observed
folding and unfolding rate constants was fit to eq 15. The values
of various parameters used in the four-state model fitting
analysis are listed in Table 1.

In the analysis according to the four-state model shown in
Scheme 1, the values of AGYS and m3y;, as well as AGYS; and
mYy, were obtained by fitting the dependencies on [D] of the ¢
= 0 points of the kinetic traces of refolding and unfolding in
Figure 4, respectively, to eq 1. Equivalent fits were obtained
when these AG®S and m® values were within +10% of the best-
fit values listed in Table 1. When the AG®® and m® values were
varied outside this range, the fits were not satisfactory. It should
be noted that the AG®® and m® values we obtain for the U < L
and N < M transitions are robust because they have been
obtained from analyses of the amplitudes of the burst phase
changes accompanying these transitions. The values of the
various parameters listed in Table 1 could satisfactorily simulate
the experimentally observed kinetic traces of refolding in 0.4 M
GdnHClI as well as of unfolding in 4 M GdnHClI (simulations
not shown).

dx.doi.org/10.1021/bi300223b | Biochemistry 2012, 51, 4723—4734
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Figure 4. Refolding and unfolding kinetics of the PI3K SH3 domain in 0.5 M Na,SO,. Panel A shows representative kinetic traces of refolding
monitored using intrinsic tyrosine fluorescence at 300 nm. Protein in 4 M GdnHCI was refolded by diluting the GdnHCI concentration to 2.0, 0.8,
and 0.4 M (top to bottom, respectively). The solid lines represent double-exponential fits to the kinetic traces for refolding in 0.4 and 0.8 M GdnHCl
and a single-exponential fit to the kinetic trace for refolding in 2.0 M GdnHCI. Panel B shows representative kinetic traces of unfolding monitored
using intrinsic tyrosine fluorescence at 300 nm. Native protein in 0 M GdnHCI was unfolded to 4, 3.5, and 3 M GdnHCI (top to bottom,
respectively). Each trace in panels A and B was normalized to a value of 1 for the fluorescence of the unfolded protein in 4 M GdnHC], indicated by
the dashed line. The solid lines in panel B represent fits to a single-exponential equation. The signal of the native protein normalized to the
fluorescence of the unfolded protein in 4 M GdnHCl is indicated by the dotted lines in panels A and B. Panel C shows a comparison of the kinetic
and equilibrium amplitudes for the refolding and unfolding in 0.5 M Na,SO,: (gray squares) equilibrium unfolding transition, (blue triangles) t = 0
points and (green circles) ¢ = oo points of kinetic traces of refolding, and (brown triangles) t = 0 points and (orange circles) t = 0o points of kinetic
traces of unfolding. The solid line through the equilibrium unfolding data in panel C represents a fit to eq 1. The solid line through the t = 0 (blue
triangles) points from the kinetic traces of refolding represents a fit to a two-state U <> L transition using eq 1, and the solid line through the £ = 0
points (brown triangles) from the kinetic unfolding traces represents a fit to the two-state N <> M transition using eq 1. The dotted and dashed lines
in panel C represent the linearly extrapolated native and unfolded baselines, respectively. Panel D shows the ANS fluorescence-monitored refolding
kinetics in the presence of 0.5 M Na,SO,. The data show representative kinetic traces of refolding in 0.4, 0.8, and 1.2 M GdnHClI (top to bottom,
respectively) in the presence of ANS starting from the unfolded protein in 4 M GdnHCL. The solid black lines through the data show fits to a single-
exponential equation for the kinetic trace obtained in 1.2 M GdnHCI and to a double-exponential equation for the traces obtained in 0.4 and 0.8 M
GdnHCI. The dashed line represents the ANS fluorescence of unfolded protein in 4 M GdnHCI. The inset shows the dependence of the total ANS
fluorescence amplitude (maroon squares) on the concentration of GdnHCI present during refolding. The amplitudes are normalized to a value of 1
for the amplitude of the ANS fluorescence change observed for the refolding in 0.4 M GdnHCI. The solid line through the data is drawn by visual
inspection only. Panel E shows the ANS fluorescence-monitored unfolding kinetics in the presence of 0.5 M Na,SO,. Native protein in 0 M GdnHCI
was unfolded to 4 (dark blue), 4.5 (dark green), and S M GdnHCI (dark pink). Each trace in panel E was normalized to a value of 1 for the
fluorescence of the native protein in 0 M GdnHC], indicated by the dashed line. The solid lines in panel E represent fits to a single-exponential
equation. The error bars represent the standard deviations obtained from two or more independent experiments.

Bl DISCUSSION PI3K SH3 domain in the presence of Na,SO,. (1) The linear
dependence of the free energy of unfolding (AGYy;) on Na,SO,
concentration supports the weak interaction model used to
explain the Hofmeister effect.*””>”*”> The weak interaction
model describes the interaction of the Hofmeister salt with the
protein; the salt serves as a chemical perturbant that increases
the chemical potential of the protein.** (2) When AGY, was
plotted against the logarithm of the salt concentration,
curvature at high salt concentrations was observed (data not

Mechanism of Na,SO,-Induced Stabilization of the
Native PI3K SH3 Domain. The structural integrity of the
native state of a protein is maintained by different stabilizing
interactions. These interactions are strongly influenced by a
change in the external environment of the protein.”””"" Salts
are known to stabilize native states and compact intermediate
states via one of the three mechanisms: ion binding, Debye

screening, and the Hofmeister effect.*”*”>”* Hofmeister salts shown), contrary to the linear dependence expected for a
such as sulfates enhance protein stability by the preferential purely cation binding effect.” (3) A plot of AGY; versus the
exclusion of the largely hydrated sulfate anion from the surface square root of the ionic strength is not linear (data not shown),
of the protein, resulting in an increase in the hydrophobic clearly indicating that the mechanism of salt-induced
forces within the protein.**”>7* stabilization in the case of the native state of the PI3K SH3

Certain key observations support the Hofmeister effect being domain is not Debye screening, as has been reported in the case
the major effect enhancing the stability of the native state of the of the Fyn SH3 domain.””
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Figure S. Dependence of the observed rate constants of the fast phase
of refolding (solid green circles and solid magenta triangles), the slow
phase of refolding (empty green circles and empty magenta triangles),
and the fast phase of unfolding (solid red circles and solid blue
triangles) using intrinsic tyrosine fluorescence at 300 nm (circles) and
ANS fluorescence (triangles) as the probes. The solid line through the
fast phase of refolding and unfolding is a fit to eq 15. The values of the
parameters used and obtained are listed in Table 1. The solid line
through the slow phase of the refolding constant data is a least-squares
fit to the equation log 4° = log A}, + m{[ GAnHCl], and a A}, of 0.03
s and an m of —0.01 M™! were obtained. The error bars in the data
points represent the standard deviations obtained from two or more
independent experiments.

Stabilization of the Native State Induces Coopera-
tivity in the Equilibrium Unfolding of the PI3K SH3
Domain. The GdnHCl-induced equilibrium unfolding of the
PI3K SH3 domain monitored using far-UV CD at 222 nm

Table 1. Parameters Describing the Folding and Unfolding
of the PI3K SH3 Domain in the Presence of 0.5 M Na,SO,

equilibrium kinetics
AGY; (keal mol™) 7.1 + 04 7.3
myy (keal mol™ M) -3.0+03 -3.1
AG (kcal mol™)* 1.1
miy (kcal mol™ M™1)* —-1.55
K3 0.16
AG%; (keal mol™)* 3.8
miy (keal mol™ M~1)* —0.9
K3y 0.0016
AGY (keal mol™)? 24
myy, (kcal mol™! Mfl)b —0.7
K3 0.016
ke (s7H¢ 43
S (s7H)9 0.07
my (keal mol™! M™1)¢ -0.43
m&s (keal mol™! M1)¢ 0.28
ay = —miy/—myy 0.5
v = _mg/IL - mEU/_mIS\IU 0.7

“The values for these parameters were determined from the two-state
analysis of the t = 0 points of the kinetic refolding and unfolding traces
(Figure 4C). bThese parameters were determined from eqs 8 and 9
(see Data Analysis). “The values of these parameters were obtained
from the fit to the dependence of 4, on the concentration of GdnHCI
(Figure S) using the four-state model in Scheme 1 (described in Data
Analysis). 9The value for k% was fixed to obtain the best fit and to
fulfill the criterion that K35 = 0.016. @, and @y are measures of the
position of L and M along the reaction coordinate relative to the
position of N.>"%*
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1 : .
shows an anomalous shape,*"*” suggestive of a noncooperative

transition from N to U. In fact, both theoretical studies'® and
studies using computer simulations’®’® have predicted that
natural proteins can fold exhibiting marginal cooperativity.

In a theoretical study, it was seen that a greater number of
nonlocal contacts in the native fold gave rise to a more
cooperative unfolding transition.* It was suggested that when
the native state is stabilized predominantly by local contacts,
the free energy barrier between the native and denatured states
may disappear (causing a loss of cooperativity) because of the
population of partially folded forms that are energetically
similar to the native state (leading to a broader native basin).
Such conformations that are neither U nor N may be involved
in the local ordering of certain residues.®’ Deviations from a
cooperative transition due to the presence of such partially
folded conformations were also tested and reported in studies
using a lattice model for the side chains.”” If the native state is
stabilized significantly compared to the other partially folded
conformations (via a decrease in temperature or addition of a
cosolute), the transition is expected to become more
cooperative.”® Nevertheless, contrary to this expectation, the
small protein BBL, which has been shown to be a downhill
folder,”® shows a decrease in the cooperativity of the unfolding
transition upon addition of stabilizing cosolutes.*

In the equilibrium unfolding of the PI3K SH3 domain,
Na,SO, increases the cooperativity of the transition, possibly by
enhancing hydrophobic interactions within the protein that
leads to the native state being energetically more stable and
thus distinct from other partially folded conformations. A
similar observation was reported in a study characterizing an
intermediate on the folding pathway of apomyoglobin.*®

The Folding Mechanism of the PI3K SH3 Domain Can
Be Described Using a Linear Four-State Scheme. In the
presence of 0.5 M Na,SO,, the folding mechanism of the PI3K
SH3 domain appears to be described well by a minimal four-
state mechanism (Scheme 1). The following observations
warrant the use of the four-state scheme. (1) Burst phase
changes in intrinsic tyrosine fluorescence are observed when
this probe is used as the probe for both the refolding and
unfolding reactions (Figure 4A—C). (2) An increase in ANS
fluorescence is observed for both refolding (Figure 4D) and
unfolding reactions (Figure 4E). (3) Curvatures (rollovers) are
observed in the refolding and unfolding arms of the chevron
plot (Figure S).

Figure 6 shows that, when Scheme 1 is used to fit the
observed rates of folding (see approximations used in Data
Analysis), the rate-limiting step is the transition from L to M.
Under refolding conditions in the presence of 0.5 M Na,SO,,
the late intermediate, M, is not populated because it is less
stable than N (as seen in Figure 6) and its conversion to N is
much faster than its formation. On the other hand, under
unfolding conditions, L remains undetected. Thus, under
refolding or unfolding conditions, the folding mechanism of the
PI3K SH3 domain can be approximated as a three-state model
via the formation of L and M (see Data Analysis). Moreover,
the rates of refolding at low concentrations of GdnHCI are
enhanced in the presence of salt. This is most likely due to an
increase in the stability of the native state or the early
intermediate, L,**° which had not been previously detected for
folding in the absence of added salt.*'

Refolding Mechanism of the PI3K SH3 Domain in the
Presence of Salt. The addition of 0.5 M Na,SO, to the
refolding reaction gives rise to a sub-millisecond burst phase
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Figure 6. Free energy diagrams estimated on the basis of the
thermodynamic and kinetic parameters listed in Table 1 obtained from
the four-state modeling of the chevron plot. The reaction coordinate
for unfolding, e, is a measure of the position of U, L, and M along the
reaction coordinate relative to that of N. a;, and a,; are defined in
Table 1, and their values are relative to an ay of 0 and an @y of 1. The
red profiles are for folding and unfolding in the absence of salt, and the
blue profiles are for folding and unfolding in the presence of 0.5 M
Na,SO,. Panel A shows the free energy profile in 0 M GdnHCI, and
panel B shows the free energy profile in S M GdnHCL. The free energy
diagrams indicate the stabilization of L during refolding in the
presence of 0.5 M Na,SO,.

and a rollover in the refolding limb of the chevron plot (Figure
5) that are not observed for folding in the absence of salt."!
This observation indicates that within the mixing dead time of
the refolding reaction, a rapid pre-equilibrium is established
between U and an early intermediate, L. The dependence of the
burst phase amplitude observed using intrinsic tyrosine
fluorescence shows a sigmoidal transition, indicating that L is
most likely a thermodynamic state separated from U with a
distinct free energy barrier. Hence, the U < L transition was
modeled as a two-state transition.

It must, however, be noted that a sigmoidal burst phase
transition does not always imply a cooperative two-state
transition.>®”®**%% In fact, the dependence of the amplitude for
the early intermediate L using ANS fluorescence suggests that
the U < L transition may be a noncooperative transition
(Figure 4D, inset). Moreover, in an earlier study of the
refolding of the PI3K SH3 domain in the absence of any
stabilizing cosolute, the sub-millisecond formation of the
structure-less globule U. was shown, using multisite FRET
measurements, to be a gradual process, similar to a coil to
globule transition.*" In this respect, the sub-millisecond folding
reaction of the PI3K SH3 domain therefore appears to be
similar to that of barstar,30’85’86 for which the utilization of
multiple structural probes had suggested that the sub-
millisecond formation of a structure-less globule (analogous
to Uc) as well as of a very early folding intermediate (analogous
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to L) occurred as barrier-less (<3kzT) transitions. Under
strongly stabilizing conditions, the sub-millisecond folding
transition of barstar becomes more sigmoidal, but the transition
clearly remains noncooperative because the sigmoidal tran-
sitions measured by different probes are noncoincident.*® It
remains to be seen if the sigmoidal transition observed for the
PI3K SH3 domain represents a gradual or all-or-none transition
under all folding conditions or whether stabilization of the
folding conditions results in a tuning of the free energy
landscape from one with many small distributed barriers to one
with a single dominant barrier. This is an important question to
address in future studies, and while it is difficult to distinguish
experimentally an all-or-none folding transition from a
continuous one,*”** a growing body of evidence suggests that
for several proteins from single-molecule FRET studies®®**°
the transition of the unfolded state to a collapsed form is
gradual in nature.

Refolding Leads Initially to the Formation of a Non-
specific Uc and a Specific L. The millisecond refolding
mechanism of the PI3K SH3 domain in the absence of a
cosolute has been delineated.* The ensemble of non-specific
compact intermediates (Uc) reported in that study showed
weak ANS binding, a non-specific contraction of three
intramolecular distances at low denaturant concentrations and
appeared to be devoid of significant secondary structure. In this
study, it is shown that L is a distinct state that is populated
within milliseconds of the initiation of the refolding reaction in
the presence of 0.5 M Na,SO,.

Both U¢ in the absence and L in the presence of 0.5 M
Na,SO, exhibit properties of a molten globule in that they bind
to ANS. ANS is a dye that has both polarity and hydro-
phobicity. The presence of both polar and apolar groups in the
molecule helps it bind to partially structured forms populated in
the kinetic pathways of proteins.”"**¢"*? In investigating the
refolding of the PI3K SH3 domain, the larger increase in ANS
fluorescence due to binding to L in the presence of 0.5 M
Na,SO, relative to that reported previously for Uc*' suggests
an increase in the specific sites available for the ANS binding in
the presence of 0.5 M Na,SO,. The enhanced binding of ANS
is probably due to the greater structural content of L. For
example, ANS has been shown to have a significantly higher
affinity for the f-structural conformation of a polypeptide chain
relative to the a-helical structure.”’ A value of 0.5 for a, the
relative position of L on the reaction coordinate (Table 1),
suggests that L is 50% as compact as N. Moreover, FRET
studies indicate specific contraction of two intramolecular
distances in the L ensemble (data not shown). These
observations suggest that the addition of salt preferentially
stabilizes a structured component of the initially collapsed
ensemble in the refolding of the PI3K SH3 domain. Such
specific components of the collapsed ensemble have been
reported in the folding of other proteins too. #8693

It appears that L and Ug are part of the same collapsed
ensemble, where L is a structured intermediate and U is
unstructured. With the addition of Na,SO,, conditions become
favorable for stabilizing the structured component, L,
sufficiently for it to be detectable by the probes used in this
study (Figure 6). In the case of barstar, it was shown that
different salts* as well as osmolytes™® differentially stabilize
different components of the collapsed ensemble that forms
initially during folding. At present, it is not known whether Uc
and L in the case of the PI3K SH3 domain are separated by a
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free energy barrier. Sub-millisecond folding experiments, now
in progress, will address this important issue.

An unusual result of the four-state analysis is that the value of
mPy [—1.55 keal mol™" M~ (Table 1)] is substantially larger
than that of my; [—0.7 kcal mol™ M~ (Table 1)], indicating
that more surface area is buried during the early folding step (U
to L) than during the rate-limiting step (L to M). This result is
somewhat surprising, but it should be noted that the m® values
listed in Table 1 are robust because they have been determined
from the dependence on GdnHCI concentration of the
amplitude of the sub-millisecond folding reaction and of the
amplitude of the sub-millisecond unfolding reaction (eqs 1, 8,
and 9). It is possible that the large my; value for the U to L
transition is a reflection of this transition being noncooperative
in nature, perhaps even gradual (see above).

Unfolding Mechanism in the Presence of 0.5 M
Na,SO,. Detailed studies of the unfolding mechanism of the
PI3K SH3 domain using optical probes and HX-MS in urea and
GdnHCI have indicated the presence of partially unfolded
forms on two parallel pathways.”>>” At high concentrations of
GdnHC], the formation of an unfolding intermediate, I, that
has U-like intrinsic tyrosine fluorescence properties was
reported using optical probes to monitor unfolding in the
absence of any added salt.’” In our study, an unfolding
intermediate M was detected only at high GdnHCI
concentrations in the presence of 0.5 M Na,SO, by the use
of the same optical probes. It is therefore highly likely that M
and Iy are the same intermediates, and that the unfolding
pathway is not altered by the addition of 0.5 M Na,SO,, at high
GdnHCI concentrations.

It is possible that the transition from N to M may not be
barrier-limited, as has been assumed in Scheme 1, but that it is,
instead, a barrier-less transition. The observation that the
content of secondary structure of the protein changes upon
addition of Na,SO, suggests that the structure of the native
state of the protein is malleable, and the sub-millisecond
transition from N to M may reflect an adjustment of the native
state to a change from native to unfolding conditions. It is
possible that N undergoes a gradual, diffusive conversion to M
over many small distributed free energy barriers as has been
theoretically reported for the swelling of molten globule
states.”* A gradual structural change during unfolding can be
detected using high-resolution techniques in equilibrium
unfoldin§ experiments,””**>™% as well as in kinetic unfolding
studies."

Nature of the Rate-Limiting Transition State (TS2) for
Folding. Figure 6 shows the free energy profiles for the four-
state folding of the PI3K SH3 domain in the presence and
absence of 0.5 M Na,SO, in 0 and S M GdnHCI constructed
from the values listed in Table 1. The reaction coordinate is a,
which can be considered as a measure for the extent of folding
in L and M compared to that in N.*” L is populated before the
rate-limiting step, and it is 50% as compact as N. On the other
hand, M is populated only after the rate-limiting step for the
folding reaction and hence can be detected only in unfolding
experiments. From the fits to the quantitative four-state model,
it is seen that M is ~70% folded in the presence of 0.5 M
Na,SO,.

The ANS binding amplitude of L is greater than the ANS
binding amplitude observed for M. As already mentioned, M is
not populated to a significant extent during folding, and
similarly L during unfolding, yet it seems that as the folding
proceeds from L to N via M, the hydrophobic patches that are
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exposed in L may begin to consolidate into the hydrophobic
core in M, resulting in a lower ANS binding capacity. As M
proceeds to N, the hydrophobic core is formed completely and
the ANS is released from the protein. Thus, from the values of
a for L and M and the ANS binding experiments, it seems that
TS2 is considerably compact and is partially hydrated.

Can L or M Be Off-Pathway Intermediates? Kinetic
analyses cannot usually determine whether an initial
intermediate formed rapidly in pre-equilibrium with U or N
is on-pathway or off-pathway.”® Indeed, this has been a problem
in the interpretation of kinetic studies of the folding of several
proteins.>V*7%%651% I this study, the possibility of L being a
dead-end intermediate as depicted in Scheme 2 cannot be

Scheme 2
L—U—"M N

completely ruled out, because the fit of the data to Scheme 2
(fit not shown) is as good as that to Scheme 1. No roll-down is
observed in the folding arm of the chevron, as might be
expected for Scheme 2 when the unfolding of L to U becomes
rate-limiting in the formation of N at low denaturant
concentrations where L accumulates.*”'®" On the other hand,
the observation that both L and N are stabilized by the addition
of Na,SO, is consistent with L being a productive on-pathway
intermediate possessing native-like structure. Moreover, the
observation that the rate of folding to N increases with an
increase in Na,SO, concentration is consistent with the rate-
limiting TS occurring after a native-like L on the direct folding
pathway, because it too would then be stabilized upon addition
of Na,SO,.

Because the transition from N to M can also be
approximated as a pre-equilibrium in the kinetic analysis, on
the basis of the observation that M is rapidly formed from N
and that further unfolding of M is slow, the possibility of M
being off-pathway to N according to Scheme 3 cannot similarly

Scheme 3
UL _>N_—"M

be ruled out. In fact, the data in Figure S also fit well to Scheme
3 (not shown), but the observation that the initial pre-
equilibrium established between N and M at the start of
unfolding is not perturbed by the presence of 0.5 M Na,SO,
(Figure 4C)*” indicates that M becomes stabilized to the same
extent as N does, by the addition of Na,SO,. Hence, M must
possess much of the structure present in N, as expected for an
on-pathway intermediate, and not for an off-pathway
intermediate. M is also seen in equilibrium unfolding studies
in the absence of Na,SO,, and an m value analysis had indicated
that M is on the direct unfolding pathway.>”

Properties of the M Ensemble. The observation that M
becomes stabilized to the same extent as N upon addition of 0.5
M Na,SO, (Table 1 and Figure 6) suggests that the Hofmeister
effect plays a dominant role in the salt-induced stabilization of
M, too, as it does for N (see above). In fact, a slight increase in
the value of ay, from 0.6 in the absence of salt®’ to 0.7 in the
presence of 0.5 M Na,SO, (Table 1), is observed, indicating a
greater burial of solvent accessible surface area in the presence

of the salt.
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It appears that the fluorescence properties of M change upon
going from refolding to unfolding conditions. Under strongly
unfolding conditions, M possesses tyrosine fluorescence
properties identical to those of the U state (see Figure 4C),
but if this were the case even under refolding conditions, it
would imply that during folding the intrinsic tyrosine
fluorescence of U first decreases in L and then increases in
M and finally decreases again in N. It is important to note here
that M is populated only after the rate-limiting step of folding,
and it therefore cannot be detected under refolding conditions.
Hence, it cannot be established whether the fluorescence
properties of M are actually different under refolding conditions
or whether the fluorescence decreases monotonously during
refolding only because M is so scarcely populated.

If the fluorescence properties of the M ensemble do change
with a change in folding versus unfolding conditions, it could be
because M contains subpopulations of different conformations
in equilibrium with each other, and a different subpopulation is
stabilized under different conditions. Moreover, if there are
several subpopulations, there may be independent unfolding
pathways operating under different folding conditions.”* In fact,
native state HX studies of the unfolding of the SH3 domain of
PI3K showed that the unfolding in the absence of GdnHCI and
at low concentrations of GdnHCI is initiated via the formation
of another intermediate, IN,20 which has N-like protection of
amide hydrogens and N-like fluorescence and hence is
undetected in optical studies.”” It may be possible that under
refolding conditions, a subpopulation of M that resembles Iy in
its structural properties is populated but is undetected with the
set of probes used in this study. Such structural heterogeneity
has been elucidated in the unfolding of the late folding
intermediate, I;, of barstar using multisite TR-FRET."®

In the future, it will be interesting to investigate the structural
properties of L and M using a high-resolution, site-specific
probe such as multisite FRET to gather useful information
about the structural heterogeneity inherent to folding
intermediates populated both before and after the rate-limiting
step. Moreover, sub-millisecond studies will also shed light on
the nature of transitions that lead to the formation of such
structurally distinct states. Such experiments are currently
ongoing in our laboratory.
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