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Kinetic and equilibrium studies of the folding and unfolding of the SH3
domain of the PI3 kinase, have been used to identify a folding intermediate
that forms after the rate-limiting step on the folding pathway. Folding and
unfolding, in urea as well as in guanidine hydrochloride (GdnHCI), were
studied by monitoring changes in the intrinsic fluorescence or in the far-Uv
circular dichroism (CD) of the protein. The two probes yield non-coincident
equilibrium transitions for unfolding in urea, indicating that an inter-
mediate, I, exists in equilibrium with native (N) and unfolded (U) protein,
during unfolding. Hence, the equilibrium unfolding data were analyzed
according to a three-state N < I < U mechanism. An intermediate is ob-
served also in kinetic unfolding studies, and its presence leads to the
unfolding reaction in urea as well as in GAnHCI, occurring in two steps. The
fast step is complete within the initial 11 ms of unfolding and manifests itself
in a burst phase change in fluorescence. At high concentrations of GAnHCI,
the entire change in fluorescence during unfolding occurs during the 11 ms
burst phase. CD measurements indicate, however, that I retains N-like
secondary structure. An analysis of the kinetic and thermodynamic data,
according to a minimal three-state N < I < U mechanism, positions I after
the rate-limiting transition state, TS1, of folding, on the reaction coordinate
of folding in GdnHCI. Hence, I is not revealed when folding is commenced
from U, regardless of the nature of the probe used to follow the folding
reaction. Interrupted unfolding experiments, in which the protein is
unfolded transiently in GdnHCI for various lengths of time before being
refolded, showed that I refolds to N much faster than does U, confirms the
analysis of the direct folding and unfolding experiments, that I is formed
after the rate-limiting step of refolding in GdnHCL
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Introduction

troversy has abated now with the realization that: (1)
the kinetic criteria used to define a protein as a two-
state folder are oblivious to high-energy intermedi-

There has been considerable controversy about the
role of folding intermediates in protein folding,
because of the discovery that many proteins fold in
an apparently two-state U < N manner, from the
unfolded state (U) to the native state (N).! The con-
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ates that may be populated transiently and margin-
ally either before or after the rate-limiting step;>> (2)
such scarcely populated intermediates can now be
detected by the application of high-resolution probes
like NMR to the study of the folding of apparent
two-state folders;* (3) for proteins that appear to fold
or unfold by a two-state mechanism in one set of
conditions, intermediates can be induced to accu-
mulate in another set of conditions,”” or upon
mutation;'’ and (4) deviations from linearity in the
dependence on denaturant concentration of the
activation free energy of folding or unfolding or
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both have been observed for a number of apparent
two-state folders, and ascribed to sequential folding
mechanisms with one or more intermediates bet-
ween U and N."' "' It seems clear now that for many
of the apparent two-state folders, it is merely a
question of using the right folding conditions, or of
using the right experimental probe, before a folding
intermediate is revealed. Revealing an otherwise
concealed intermediate is important because folding
intermediates serve as signposts on folding path-
ways. In the absence of such a signpost, it is difficult
to define a folding pathway, and to distinguish one
pathway from an alternative pathway that may be
used in different folding conditions.'® The structural
characterization of a late folding intermediate will
allow the most direct determination of the sequence
of events that occur late on the folding pathway.

To identify and characterize folding intermediates
that are concealed after the rate-limiting step has
been a difficult challenge. The possibility of such
intermediates was first suggested by native state
hydrogen exchange (HX) studies that indicated that
the native state exists in equilibrium with many
different partially unfolded forms.'” In the case of
ribonuclease A, it has been shown that one such
partially unfolded form is an unfolding intermediate
that accumulates on the direct unfolding pathway."
Such intermediates, which precede the rate-limiting
step in unfolding, might be the same as the inter-
mediates that are concealed after the rate-limiting
step of folding.'"® Thus, one approach to detect
intermediates that populate after the rate-limiting
step of folding is to detect partially unfolded inter-
mediates in kinetic unfolding studies. Partially un-
folded intermediates have been detected in kinetic
studies of the unfolding of several proteins.”'*"'*" It
is important to characterize such intermediates
because partially unfolded forms very often aggre-
gate to form amyloid protofibrils and fibrils.”22

A major group of two-state folding proteins is that
of the SH3 domains,” which are found in signal
transduction and cytoskeletal proteins,** " where
they provide the interaction surfaces for the assem-
bly of multimeric protein—protein complexes.”® SH3
domains are composed of 60-85 amino acid resi-
dues, and they all have a similar 3D fold, called the
B-barrel fold. SH3 domains from many different pro-
teins have been used as model systems to address
various important aspects of protein folding, such as
the nature of protein folding transition states,”” '
and the relationship between protein topology and
the folding pathway.’> The folding of SH3 do-
mains has been studied by protein engineering
methods,” ! NMR,** as well as by computational
studies.”*?° Recently, the characterization of very
scarcely populated folding intermediates preceding
the rate-limiting step during the folding of the Fyn*
and Abpl®®> SH3 domains, became possible with the
advent of new NMR methods.*” No unfolding inter-
mediate has been reported for any of the SH3 do-
mains, but partially unfolded conformations of
many different SH3 domains have been observed
under native conditions, when their dynamics were

studied by hydrogen/deuterium exchange in con-
junction with mass spectrometry.*®

The SH3 domain of PI3 kinase consists of 83
residues, threaded through five p-strands and two
helix-like turns. The five p-strands are arranged in
two B-sheets that are orthogonal to each other.3 The
folding of the SH3 domain of PI3 kinase was studied
earlier using various optical probes and real time 1D
NMR.* Tt appeared that the SH3 domain of PI3
kinase refolds and unfolds by a two-state mechan-
ism, based on a comparison of the values of the free
energy of unfolding (AG) and its dependence on
denaturant concentration, obtained from kinetic and
equilibrium studies.

Here, we have studied the folding and unfolding
of the SH3 domain of the PI3 kinase, in urea as well
as in GAnHCI, by monitoring the change in intrinsic
fluorescence. An equilibrium unfolding intermedi-
ate, I, is shown to be populated during urea-induced
unfolding. A burst phase change in fluorescence,
whose amplitude increases with an increase in
denaturant concentration, is observed during the
unfolding of the protein in urea as well in GAnHCL
The product of the burst phase is shown to be a
partially unfolded intermediate, which exposes less
surface area to solvent than does U, and which
refolds to N much faster than does U. All the ther-
modynamic and kinetic data can be described ade-
quately on the basis of a simple and minimal three-
state N < I < U mechanism, suggesting that the
same intermediate I is seen in the equilibrium and
kinetic studies. The analysis indicates that I forms
after the rate-limiting step during the folding of this
SH3 domain in GdnHCL

Results

Equilibrium unfolding

Figure 1 shows the equilibrium unfolding transi-
tions of the SH3 domain, with both urea (Fig. 1la—)
and GdnHCI (Fig. 1d-f) as denaturants. In the case
of urea-induced unfolding, it is seen that the
fluorescence-monitored and far-UV CD-monitored
unfolding transitions are not coincident, indicating
that an equilibrium unfolding intermediate, I, is
populated during the unfolding of N to U. In the
case of GdnHCl-induced unfolding, the far-UV CD-
monitored unfolding transition has an anomalous
shape, but it also appears not to be coincident with
the fluorescence-monitored transition. Hence, both
the urea-induced unfolding transitions and the
GdnHCl-induced unfolding transitions need to be
analyzed on the basis of a three-state N < I « U
mechanism, according to Eq. (4). Since the loss of
fluorescence is seen to precede the loss in far-UV CD
during unfolding, the simplest assumption to make
in the analysis is that the fluorescence properties of
I are the same as that of U, and that the far-UV
CD properties of I are the same as that of N. These
assumptions amount to treating the fluorescence-
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Fig. 1. Equilibrium unfolding of
the SH3 domain of PI3 kinase at pH
7.2. Unfolding by urea (a, b and c)
as well as GAnHCI (d, e and f) were
monitored by changes in far-UV
CD at 222 nm (a and d) and fluo-
rescence at 300 nm (b and e). The
broken lines in a, b, and e are the

linearly extrapolated native protein
and unfolded protein baselines. The

continuous lines through the far-
UV CD and fluorescence data in a
and b are fits of the data to Eq. (1),
with the value of Z; set to 1 for the
fluorescence data and to 0 for the
CD data, and with the values of
AGyy and mEyy set to 2.1 kcal mol ™
and-0.48 kcal mol ™! M}, respec-
tively (see the text). The f1t yielded

values for AGyny and mEyy of 4.8
kcal mol! and -1.12 kecal mol™
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M, respectively (see Table 1). The
data in a and b were converted to
fapp values using Eq. (3), and plotted
against the concentration of urea in
c. The continuous lines through the
far-UV CD (0) and fluorescence (A)
data in c are drawn according to Eq.
(4), with the value of Z; set to 1 for
the fluorescence data and to 0 for the

[Urea] (M)

[GdnHCI] (M) mol !,

CD data, and with values for AGyy,
AGnu, mEa and mEny of 2.1 keal
4.8 kcal mol ',-0.48 kcal
mol™ M! and-1.12 kcal mol™*

M, respectively (see Table 1). The solid line through the CD data in panel d was drawn by inspection only. The
continuous line through the fluorescence data i ine is a least-squares f1t of the data to Eq. (1), with the value of Z; set to 1, and

the values of AGNI and mFyy set to 3.7 keal mol

and-1.53 kcal mol M!
for AGny and mEny of 4.5 keal mol ! and —3.34 keal mol ' M

, respectively (see the text). The fit yielded values
respectlvely The data in e were converted to f,,, values

using Eq. (3) and plotted against the concentration of GdnHCl in f The continuous line through the fluorescence data in f i is
drawn accordmg toEq. (4), w1th the Value of Zysetto1, and the values of AGyy, AGnu, mEn and mEny set to 3.7 keal mol ™

4.5 kcal mol !, -1.53 kcal mol ! and -3.34 kcal mol ™

monitored equilibrium unfolding curve as one moni-
toring the loss in tertiary structure, and the far-UV
CD-monitored equilibrium unfolding curve as one
monitoring loss of secondary structure. Nevertheless,
even with this assumption it is difficult to extract
reliably the values of all four thermodynamlc para-
meters AGNI (HzO) AGIU (HZO) m NI and m U (see
Data Analysis) from the three-state analysis of the
urea-induced unfolding transitions, and especially
for the GdnHCl-induced unfolding transitions.

Refolding and unfolding kinetics

Unfolded protein in 4 M GdnHCl or in 6 M urea
was refolded by diluting the denaturant to different
concentrations below the mid-point of the equili-
brium unfolding transition, and the kinetics were
monitored by the change in fluorescence at 300 nm.
Figure 2a and b show representative kinetic refold-
ing traces in different concentrations of urea and
GdnHC], respectively. A major refolding phase and a
slower phase corresponding to prolyl peptide bond

- , respectively (see above).

isomerization was observed when refolding was
carried out in final urea concentrations lower than
1.5 M. The kinetics in urea concentrations greater
than 1.5 M are single-exponential, because the re-
folding rates appear to become comparable to the rate
of prolyl peptide bond isomerization. In the case of
GdnHCI also, a prolyl peptide bond isomerization
phase was observed in addition to the major refold-
ing phase, when refolding was carried out in final
concentrations of GAnHCI below 0.9 M, and a single
refolding phase was observed in final concentrations
of GdnHCI above 0.9 M.

Figure 2c and d show representative fluorescence-
monitored unfolding traces in different concentra-
tions of urea and GdnHCI, respectively. In both
denaturants, the kinetic traces do not extrapolate to
the native protein signal at =0, but to values higher
than the native protein signal, depending upon the
denaturant concentration. Hence, there appears to
be a burst phase change in fluorescence during the
dead time of the stopped-flow mixer. Since the
subsequent observable phase is relatively slow,
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Fig. 2. Kinetics of refolding and
unfolding of the SH3 domain of PI3
kinase. Refolding and unfolding at

pH 7.2 were monitored by the
change in fluorescence at 300 nm.
(a) Representative kinetic refolding
traces when unfolded protein in

6 M urea was refolded by diluting
the urea t0 2.96 M, 2.5 M, 2.0 M and

0.8 M (top to bottom). The refolding
trace for 0.8 M urea was fit to a
double-exponential equation, while
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the refolding traces for 2.0 M, 2.5 M
and 2.96 M urea were fit to a single-
exponential equation. The signal of
the unfolded protein in 6 M urea, to

N |2

which the kinetic curves were nor-
malized is shown as a broken line.
(b) Representative kinetic traces of
refolding in 1.1 M, 1.0 M, 0.8 M and
0.53 M GdnHCI (top to bottom).

The kinetic traces were normalized
to the value of 1 for the unfolded

0 20 40 60 80 100 120 140 0 20 40
Time of refolding (s)

Time of unfolding (s)

protein signal in 4 M GdnHC],
shown as the broken line. The
continuous lines show the fits to a
single-exponential equation for the

80 100

1.1 M and 1.0 M GdnHCI data, and to a double-exponential equation for the 0.8 M and 0.53 M GdnHCI data. (c)
Representative traces of unfolding in 8 M, 7 M and 6 M urea (top to bottom), from stopped-flow mixing experiments. All
the traces were fit to a single-exponential equation, and normalized with respect to the t= o point of the unfolding trace in
6 M urea. The native protein signal is shown as a broken line. The inset in ¢ shows representative traces of unfolding in
8 M, 7 M and 6 M urea (top to bottom), from manual mixing experiments. (d) Representative traces of unfolding in 3.0 M,
2.5 M and 2.2 M GdnHCI (top to bottom). The continuous lines through the data represent fits to a single-exponential
equation, and the broken line shows the native protein signal. Here also, the fluorescence signal of the protein in 4 M
GdnHCl was taken as 1. The inset in d shows representative traces of unfolding in 2.0 M, 1.6 M and 1.4 M GdnHClI (top to

bottom), from manual mixing experiments.

occurring in the 100 s time domain, the initial burst
phase cannot be an experimental artifact of the sort
that could conceivably arise in instances where the
subsequent observable kinetic phase is very fast. The
observed phase is well described as a single expo-
nential. No unfolding trace was observed at con-
centrations of GdnHCl greater than 3.5 M, indi-
cating that the entire fluorescence change during
unfolding takes place during the 11 ms burst phase. It
should be noted that the observation of a denaturant-
dependent burst phase change in fluorescence during
stopped-flow measurements of unfolding, seen here
for the SH3 domain, is unusual,'**'™*° and has not,
for example, been seen in similar recent studies of the
denaturant-induced unfolding of several other
proteins.”' 344

To confirm that the observed burst phase change
in fluorescence observed in stopped-flow measure-
ments was not an artifact, manual mixing experi-
ments were done for all concentrations of GdnHCl
and urea in which the observable unfolding rates
could be measured precisely. When the observed
unfolding rates were slower than 0.027 s and
hence amenable to measurement by manual mixing
experiments with a dead time of 10 s, the single-
exponential fits to the kinetic unfolding traces could

be extrapolated reliably to t= 0, for determination of
the burst phase changes in fluorescence. The insets
in Fig. 2c and d show that the burst phase change in
fluorescence is seen in stopped-flow mixing experi-
ments, and in the manual mixing experiments. The
relative amplitude of the burst phase fluorescence
change, as well as the apparent rate constant of the
observed kinetic phase, was the same for the manual
mixing and stopped-flow mixing experiments at the
same concentration of denaturant.

Figure 3a and b compare the kinetic and equili-
brium amplitudes of fluorescence-monitored fold-
ing and unfolding, in urea, as well as in GdnHCL
The t=w and t=0 points of the kinetic refolding
traces fall on the equilibrium unfolding curve, and
the linearly extrapolated unfolded protein baseline,
respectively. This indicates that the entire amplitude
of the refolding reaction from U to N is captured in
the kinetic experiments. For both denaturants, the
t =00 points of the kinetic unfolding traces fall on the
equilibrium unfolding transition, but the =0 points
do not fall on the linearly extrapolated native pro-
tein baseline, as a result of the burst phase increase
in fluorescence. For unfolding by GAnHCI, the t= 0
points show a typical sigmoidal dependence on the
concentration of denaturant. For unfolding by urea,
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the sigmoidal dependence could not be established
clearly, because it was not possible to carry out
unfolding experiments in sufficiently high concen-
trations of urea.

The sigmoidal dependence on denaturant con-
centration of the burst phase amplitude seen for
unfolding in GAnHCI suggests that the burst phase
increase in fluorescence accompanies the initial
establishment of a pre-equilibrium between N and
an unfolding intermediate, I, before the subsequent
slower unfolding of I to U. Hence, the analysis was
carried according to a two-state N < I mechanism,
in order to determine the values of AGyn; (H>O)
and m®y;. The native protein baseline used in this

Relative fluorescence

Relative ellipticity

[Urea] (M)

analysis was that obtained for the equilibrium
unfolding transition. The fluorescence properties of
I appear to be similar to those of U at high
concentrations of denaturant: in high concentra-
tions of GdnHCI, the entire increase in fluores-
cence during unfolding occurs in the burst phase.
Hence, it was assumed that the dependence on
denaturant concentration of the fluorescence of I is
the same as that of U. The values obtained for
AGn1 (H,O) and mPy are 2.1 kcal mol ' and-0.48
kcal mol ™' M, respectively, when urea is used as
the denaturant. In the case of GdnHCI, the value
of AGnt (HyO) is 3.7 kcal mol !, and that of mENg
is —1.53 kcal mol "M ! (Table 1). For both urea-and
GdnHCl-induced unfolding, the observation that
the value of mFy is less than the value of m®yy,
suggests that the unfolding of N to I exposes less
surface area than does the unfolding of N to U. In
other words, I is not unfolded to the same extent
as U, even though its fluorescence properties
appear to be the same as that of U. Fig. 3c
compares the kinetic and equilibrium amplitudes
of far-UV CD-monitored unfolding, in urea. The
t= o and t= 0 points of the far-UV CD-monitored
kinetic unfolding traces fall on the equilibrium
unfolding curve, and the linearly extrapolated
native protein baseline, respectively, indicating
that the entire amplitude of the unfolding reaction
from N to U is captured in the kinetic experiments
(Fig. 3c).

Fig. 3. Comparison of equilibrium and kinetic ampli-
tudes. Equilibrium and kinetic amplitudes of refolding
and unfolding monitored by the change in fluorescence at
300 nm (a and b) as well as by the change in ellipticity at
222 nm (c), are compared when urea (a and c) and
GdnHCI (b) were used as the denaturant. (a—c) (O)
equilibrium unfolding; (A) f=w and (A) t=0 points of
the kinetic refolding traces; (V) and (V) t=co0 and t=0
points of the kinetic unfolding traces. Kinetic data were
normalized to the equilibrium data by using either the
signal of the unfolded protein in 6 M urea (a) or in 4 M
GdnHCI (b) or the signal of the unfolded protein in 7.5 M
urea (c). The continuous lines through the urea-induced
equilibrium unfolding data in a and c are drawn according
to Eq. (1), using the values for AGyn;, AGnu, mEnr and
mNu given in the legend to Fig. 1, and with Z;=1 for the
data in a, and with Z;=0 for the data in c. (a and b) The
continuous lines through the t=0 points of the kinetic
unfolding traces are fits to Eq. (8) and yielded values for
AGyyand mFyy of 2.1 kcal mol ! and —0.48 keal mol ' M1,
respectively, for the urea data in a, and 3.7 kcal mol ! and
-1.53 kcal mol ' M, respectively, for the GdnHCI data in
b. The continuous line through the GdnHCl-induced
equilibrium unfolding data (b) is a non-linear, least-
squares fit to Eq. (1), with the values of AGyy and mEng
fixed to the values obtained above. The values obtained
for AGny and mFhy were 4.5 keal mol ! and -3.34 keal
mol ' M, respectively (Table 1). In all panels, the broken
lines represent the extrapolated native and unfolded
protein baselines, and the error bars on the kinetic data
points represent the spread in the data for two different
sets of experiments.



Three-state Unfolding and Refolding of an SH3 Domain

353

Table 1. Comparison of thermodynamic and kinetic
parameters governing the folding and unfolding of the
SH3 domain of PI3 kinase, in GAnHCI and in urea

GdnHC1 Urea
AGni (H0) (kcal mol ™t 3.7 (+ 0.5) 2.1 (+ 3.7)
mEnr (keal mol ' M ~1.53 (£ 0.16) —0.48 (£ 0.6)
AGy (H,0) (kcal mol ) 0.8 (+ 0.64) 2.7(+ 4.4)
Py (kcal mol ' M 1) ~1.81 (+ 0.34) —0.64 (+ 0.78)
AGnu (Hy0) (kcal mol ) 45 (+ 0.4) 4.8 (+ 2.4)
mPnu (keal mol ™M) —3.34 (+ 0.3) -1.12 (£ 0.5)
ar= by /mPun= —-mEu/-mEny 054 (£ 0.1) 057 (+ 0.74)
N (H,0) (s7) 0.34 0.3
m*y; (keal mol ! M1 1.52 (£ 02)  0.64 (= 0.04)

(H,0) (s 0.00017 0.00009

my (keal mol * MY -0.08 (+ 0.05) —0.16 (+ 0.01)
(S, = m<ur) (keal mol ' M ™Y) -1.6 (+ 02) —0.80 (i 0.04)

—RT In (A\u/N\g) (kcal mol ™) 4.5 4.8
Pr=m Ul/ﬂl UN 0.45 (i 007) 0.57 (:E 0. 25)

The errors shown represent errors from fitting data averaged from
two sets of experiments with each denaturant. The relatively large
errors in the parameters describing urea unfolding have probably
arisen because the t=0 points of the kinetic unfolding traces,
could not be determined over the entire range of urea concentra-
tions over which the N « I transition occurs (Fig. 3). The values of
AGny, AGyy, myy and myy were determined from a three-state N —
I U analysis of the equilibrium unfolding experiments and from
atwo-state N < I analysis of the =0 points of the kinetic unfolding
traces (Fig. 3). It should be noted that these values of AG need to be
corrected for the free energy change associated with the equi-
librium that is established between unfolded molecules having the
prolyl peptide bond in a cis configuration and unfolded molecules
having the prolyl peptlde bond in a trans conﬁguratlon but the
correction needed is small (0.2 kcal mol™).*° o is a measure of the
position of I along the reaction coordinate relative to that of N. -RT
In (Nu/N¢) yields the value of AGny, in native-like conditions
where I is not populated. pr is a measure of the position of the
transition state separating U and I, along the reaction coordinate
relative to that of N mFun= — (mFap, mF10).

Three-state analysis of unfolding

Figures 1-3 show that an unfolding intermediate
can be detected under equilibrium conditions, and
in kinetic studies an unfolding intermediate can be
seen to form very rapidly during unfolding. In both
cases, the intermediate appears to retain N-like
far-UV CD but to have lost N-like fluorescence.
While it is possible that two different intermediates
are detected in the equilibrium and kinetic studies,
the simplest assumption is that the intermediates
are one and the same, in either denaturant. This
assumption is consistent with using the simplest and
minimal model (N < I < U) that can adequately
describe all the kinetic and thermodynamic data (see
Discussion). Hence, the three-state analysis (Eq. (4))
of the fluorescence and far-UV CD-monitored equi-
librium unfolding transitions, which both describe
the equ111br1um between N and I and U, was carrled
out using the values of AGyn; (H,0) and mExp ob-
tained from an analysis of the denaturant depen-
dence of the burst phase change in fluorescence seen
in kinetic unfolding experiments (see above). When
this was done for both urea-and GdnHCl-induced
unfolding: (1) similar values were obtained for the
stability of N relative to U, in either denaturant; and
(2) similar values were obtained in both denaturants
for o, a measure of the position of I on the reaction

coordinate relative to U and N, based on the degree
of solvent-accessible surface area (Table 1). Never-
theless, the true test for the assumption that the
same minimal N < I <~ U mechanism is adequate to
describe both the kinetic and equilibrium data, is
whether the thermodynamic parameters, which
were determined from the analysis of the denaturant
dependence of the equilibrium amplitudes as well as
the kinetic burst phase amplitudes, are predicted by
and are consistent with the rate constant data.

The dependence of the observed refolding and
unfolding rate constants on denaturant concentra-
tion, shown in Fig. 4, were therefore analyzed on the
basis of the N < I — U mechanism. The observation
that no burst phase change in fluorescence occurs
during folding in any concentration of denaturant
suggested that I does not accumulate, and that the U
to I transition is the rate-limiting step of folding in
the range of denaturant concentrations studied. This
inference is supported by the observation that the
folding arms of the chevron are linear in both dena-
turants (Fig. 4). The observation that a burst phase
change in fluorescence occurs during unfolding in
either denaturant, suggested that the rate constants
for the transition from N to I (kyy) and for the
transition from I to N (kp), are much faster than the
rate constant for the transition from I to U (kyy), at all
concentrations of denaturant (see Data Analysis).
The dependence on denaturant concentration of the
observed folding and unfolding rate constants were
fit to the sum of Egs. (10) and (12). In using Egs. (10)
and (12) to obtain the values of AG¥y, m*y, AGHy;
and m*yy, the values fixed for AGyy and mry were

0.1+
<=
L
<
0.01+
0.001 ‘ : . :
0 2 4 6 8
[Denaturant](M)

Fig. 4. Dependence of the observed unfolding and
refolding rate constants on the concentration of denatur-
ant. The observed refolding (O, A) and unfolding (@, A)
rate constants were measured in different concentrations
of GdnHCI (circles) and urea (triangles) by monitoring the
change in fluorescence at 300 nm. The continuous lines
through the rate constants are fits to the sum of Eqgs. (10)
and (12) (see Data analysis) For fitting, the value of
the pre- exponent1a1 factor A in Egs. (10) and (12) was fixed
at 10° s, and the values for AGyy and mEy; were fixed to
the Values obtained from the two-state analysis of the t=0
points of the kinetic unfolding traces (see Table 1). The
values obtained for the various parameters are given in
Table 1. The error bars represent the spread in the data for
two different sets of experiments.
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those obtained from the two-state N < I analysis of
the denaturant dependence of the t=0 points of the
kinetic unfolding traces, as described above. The
values obtained for the various parameters are given
in Table 1.

Refolding and unfolding of the SH3 domain in
urea versus GdnHCI

Table 1 compares the values of the various
thermodynamic and kinetic parameters determined
when refolding and unfolding was carried out in
GdnHCI, to those obtained in urea. The values of
AGny, obtained from the equilibrium as well as the
kinetic studies, were similar for both the denatur-
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ants. A denaturant-dependent burst phase during
unfolding was observed for both denaturants. The
value obtained for o, which is a measure of the
extent of folding in I compared to that in N, is similar
(~0.55) for folding in both the denaturants. Hence, it
appears that the same intermediate, I is populated
during folding or unfolding in urea and in GAnHCL
For folding in either denaturant, the value of the
Tanford @ value (Bt) for the rate-limiting transition
state, TS1, is about the same (~0.5), implying that
about 50% of the change in solvent-accessible sur-
face area during folding has occurred in TSI.

The product of the burst phase of unfolding is a
partially unfolded species

To determine whether the product of the burst
phase during unfolding is a partially unfolded form,
or whether a fraction of the native molecules has
unfolded completely, interrupted unfolding experi-
ments were carried out. Figure 5a shows represen-
tative kinetic refolding traces of protein that had
been unfolded in 3 M GdnHCl for different lengths
of time from 275 ms to 50 s, and then refolded by
diluting the GAnHCI to 1 M. The t=0 points of the
kinetic refolding traces do not fall on the direct
unfolding trace obtained in 3 M GdnHCI, indicating
that there is a burst phase change in fluorescence in
addition to the observed phase of fluorescence
change during refolding (Fig. 5b). The amplitude
of the burst phase decreases with an increase in the
time of unfolding in 3 M GdnHCI. The observed
phase is described well by a single exponential, with
an observed rate constant of 0.028 + 0.003 s '. This is
similar to the observed rate constant of refolding

Fig. 5. Kinetics of formation of the U form from the N
state. Native protein was unfolded in 3 M GdnHCI at pH
7.2 for variable lengths of time from 276 ms to 50 s, before
refolding was initiated by diluting the concentration of
denaturant to 1 M. (a) Representative refolding traces
when the protein was refolded after unfolding for 50 s,
125,6.25,3.2 s and 1.2 s (top to bottom). Each refolding
trace was fit to a single-exponential equation, which
yielded an observed rate constant for refolding, of 0.028 +
0.003 5" All the kinetic traces were normalized to the t= 0
point of the refolding trace obtained after unfolding for
50s. (b) A comparison of the signal at the =0 points of the
kinetic refolding traces obtained after unfolding in 3 M
GdnHCl for variable lengths of time, with the single-jump
unfolding trace obtained when protein was unfolded in
3 M GdnHCI. (A) The t= 0 points; and (A) the =0 points
of the kinetic refolding traces. The continuous line through
the open triangles is a fit to a single-exponential equation,
which yields an observed rate constant of 0.1 s '. The
single-jump unfolding curve was also fit to a single-expo-
nential equation, which yields an observed rate constant
for unfolding, of 0.1 s . (c) The increase in the relative
amplitude of the observed phase with an increase in the
time of unfolding before refolding was initiated. The
amplitudes of all refolding traces were normalized to the
amplitude of the refolding curve obtained when the pro-
tein was unfolded for 50 s before refolding. The fit to a
single-exponential equation, shown as a continuous line,
yielded an observed rate constant of 0.1s .
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in 1 M GdnHCI of completely unfolded protein.
Figure 5c¢ shows that the relative amplitude of the
observed refolding phase increases with an increase
in the time of prior unfolding in 3 M GdnHCl. The
amplitude of the observable phase increases with an
observed rate constant of 0.1 s}, which is similar to
the directly observed rate constant of unfolding in
3 M GdnHCI. All molecules are found to be com-
pletely unfolded when unfolding is interrupted at
50 s: the resulting refolding trace does not display a
burst phase, and the observable phase has an
apparent folding rate constant similar to that seen
in single-jump refolding in 1 M GdnHCL. This indi-
cates that the observable phase of refolding after
interrupted unfolding, corresponds to the refolding
of completely unfolded protein, U, whose population
increases with an increase in the time of unfolding.
The burst phase of refolding after interrupted un-
folding, represents the refolding of a partially un-
folded form, whose population decreases to zero
with increased time of unfolding.

Discussion

The SH3 domain of PI3 kinase is not a
two-state folder

In an earlier study® of the folding of the SH3
domain of PI3 kinase, the folding reaction appeared
to be two-state even when studied by multiple
probes, including NMR. That study appeared there-
fore to preclude any significant accumulation of
intermediates before the rate-limiting step of fold-
ing, but it did not preclude the formation of folding
intermediates after the rate-limiting step. In the
same study, no unfolding intermediate was de-
tected, but GAnHCI was the only denaturant used in
the equilibrium and kinetic studies, and it was not
used at concentrations greater than 3 M. Moreover,
multiple probes were not used to study unfolding,
as they were used for studying refolding. The rate
constant data appeared to fulfill the kinetic criteria
for two-state folding: (1) the extrapolated values of
the observed rate constants of folding and unfolding
(Nfand \,) in water predicted the stability (AGyy) of
the protein; (2) the dependence of \¢ and \, on
GdnHCI concentration predicted the dependence on
GdnHCI concentration of the free energy of unfold-
ing (AGnuy); and (3) the concentration of GAnHCl at
which \¢ and \, had identical values, was also the
concentration corresponding to the midpoint of the
equilibrium unfolding transition.

In this study, the observed rate constants of folding
and unfolding in GAnHCl were identical with those
reported earlier,*’ and hence, the values for \;and \,,
in GdnHC], as well as in urea reported here also pre-
dict apparent two-state folding. But several observa-
tions indicate that the folding and unfolding reactions
of the SH3 domain are not two-state but multi-state:
(1) the equilibrium urea-induced unfolding transi-
tions, monitored by fluorescence and far-UV CD, are

not coincident. This indicates the population of an
unfolding intermediate that exists in equilibrium
with native and unfolded protein at intermediate
urea concentrations; (2) in kinetic studies, a burst
phase of fluorescence change is observed during
unfolding in either urea or GdnHC], at high concen-
trations of denaturant; and (3) a burst phase change
of fluorescence is observed during the refolding of
transiently unfolded protein. Hence, it is necessary to
use, minimally, a three-state N < I — U mechanism to
analyze the equilibrium and kinetic data.

Identity of the equilibrium and kinetic unfolding
intermediates

In this study, an unfolding intermediate has been
identified under equilibrium unfolding conditions,
as well as in kinetic unfolding studies. It is shown
that a three-state N < I < U model is the simplest
and minimal model that can completely describe all
aspects of both the kinetic and equilibrium data in
an internal consistent manner, and that it is not
necessary to include any additional intermediate for
analysis of all the data. Thermodynamic parameters,
such as AG and m, describing the model have been
determined using the amplitudes of signal change
seen during equilibrium unfolding in conjunction
with the amplitudes of signal change seen in kinetic
experiments, and analyzing the dependence of these
amplitudes on denaturant concentration according
to the three-state model. The same thermodynamic
parameters are predicted, within experimental error,
by application of the same three-state model to
analyze the rate constant data from kinetic experi-
ments, in either denaturant (Table 1). Hence, the
assumption that the kinetic intermediate is identical
with that observed under equilibrium conditions,
which has also been made in the case of the folding
of other proteins, appears to be valid in this case.*84”

The SH3 domain of PI3 kinase has seven tyrosine
residues dispersed throughout its sequence (see
Materials and Methods). Hence, the observation that
the fluorescence of I is the same as that of U,
indicates that I is solvated throughout its structure,
and it is not the case that only a local segment of
structure has become solvent-accessible in I. The
latter possibility is in fact discounted by the analysis,
which indicates, from the value obtained for the
parameter «;, that only about 55% of the solvent-
accessible surface area has become buried in I (Table
1). It should be noted here that, although the SH3
domain does have a single tryptophan residue in its
sequence, this residue is on the surface of the
protein. If the intrinsic tryptophan fluorescence is
used to probe for unfolding, a very small apparently
non-cooperative transition is observed.

Nature of the burst phase product

Burst phase changes during protein unfolding
have been reported for several proteins. The burst
phase change can arise due to the accumulation of
partially unfolded conformations.'**' In a few cases,
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however, like that of canine milk lysozyme, the
burst phase change arises due to a fraction of the
native protein molecules unfolding very fast, when
there is heterogeneity in the native state.** The burst
phase change in fluorescence observed during both
the urea-and GdnHCl-induced unfolding of the SH3
domain of PI3 kinase, has been interpreted to signify
the very fast formation of an intermediate I and not
the formation of U. This is because a two-state
analysis of the burst phase amplitude indicates that
the burst phase represents the unfolding of N to a
form whose solvent-accessible surface area is only
about 45% of that of U (see Results and Table 1). It
should be noted that because I is formed at least 100
times faster than U over the entire range of
denaturant concentrations studied, it was possible
to consider a pre-equilibrium between N and I, for
analysis of the kinetic data (see Data Analysis).

Heterogeneity in the native state has been
reported for the a-spectrin SH3 domain.”™ Partial
unfolding manifested as EX1 exchange has been
observed for many SH3 domains when studied by
hydrogen/deuterium exchange coupled to mass
spectrometry.” In the case of the SH3 domain of
PI3 kinase, it seems very unlikely that the burst
phase change in fluorescence arises due to conver-
sion of the native state to a native-like state, because
there is a significant change in solvent-accessible
surface area in going from the native state to the
burst phase product (Table 1). The intermediate I is
therefore not native-like in structure, even though its
secondary structure, as indicated by far-UV CD at
222 nm appears to be the same as that of N (Fig. 3).

In interrupted unfolding experiments, different
species populated during unfolding can be distin-
guished by their rates of refolding. At 276 ms of
unfolding when mostly the burst phase product is
populated, and no significant fraction of molecules
is completely unfolded (the time constant of un-
folding is 10 s), a refolding trace with the maximum
burst phase amplitude and no significant amplitude
for the observable phase is observed. This implies
that the species populated at the end of the burst
phase refolds much faster (within the 11 ms dead
time) than does the completely unfolded protein.
This is direct evidence that the product of the burst
phase during the unfolding of the SH3 domain is a
partially unfolded conformation.

The initial accumulation of the intermediate I during
unfolding, which results in a burst phase change in
fluorescence, is also seen to lead to a downward
curvature in the unfolding arm of the chevron plot,
for either denaturant (Fig. 4), as predicted by Eq. (9).
Such curvatures in the unfolding branches of chevron
plots have been seen also in unfolding studies of
other proteins, where they have been attributed to the
presence of high-energy intermediates.''>'°

Mechanism of unfolding
The observation of three states N, I and U and two

steps (burst phase and observable phase) during the
unfolding of the SH3 domain can be explained by

the minimal mechanism N < I — U (Fig. 6). This
mechanism accounts for the equilibrium unfolding
data (Fig. 1) and for the kinetic unfolding data.
During unfolding, a pre-equilibrium is established
between N and I in the burst phase, and this equi-
librium shifts towards I with an increase in dena-
turant concentration. From single-jump unfolding
experiments, it appears that the fluorescence of I is
similar to that of U. Thus, the change in fluorescence
takes place when N unfolds to I, while the I to U
transition is silent to fluorescence. The observable
change in fluorescence during unfolding arises only
because the slow I — U transition perturbs the N < I
pre-equilibrium such that more N molecules are
pulled towards I. In 3.5 M GdnHCI, the equilibrium
constant (Kyy) for the N < I pre-equilibrium is high,
and all the N molecules unfold to I during the burst
phase itself. Hence, no observable phase is observed.
In interrupted unfolding experiments, the amplitude
of the observable phase of the refolding trace appears
to increase at the expense of the burst phase ampli-
tude, which suggests that I unfolds directly to U.
The alternative three-state mechanism is I < N —
U, in which I is an off-pathway intermediate.
According to this mechanism, a pre-equilibrium is
established between N and I in the burst phase, and
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Fig. 6. Formation of an intermediate during the
refolding and unfolding of the SH3 domain of PI3 kinase.
(a) the free energy profile for folding in the absence of
GdnHCI. A partially folded species is formed after the
rate-limiting transition state during refolding. (b) The free
energy profile for unfolding in 4 M GdnHCL. The partially
unfolded intermediate accumulates during unfolding.
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the protein molecules in the native state unfold
directly to U in the observable phase. In the three-
state analysis of the urea-induced equilibrium
unfolding transitions (Fig. 1) according to an A <
B — C mechanism, the m values indicate that B has a
solvent-accessible surface area intermediate bet-
ween those of A and C. Hence, it is unlikely that B
corresponds to N. Nevertheless, it is impossible to
conclude only from equilibrium unfolding experi-
ments, whether an intermediate is on-pathway or
off-pathway.

The SH3 domain of PI3 kinase contains three
proline residues that are in the trans conformation in
the native protein.’” It has been suggested that
about 30% of unfolded protein molecules have
Pro69 in the cis conformation. It should be noted,
however, that the observed unfolding of the SH3
domain in two kinetic phases cannot be explained
by a N < Ut < Uc mechanism, in which Urand Uc
are two completely unfolded forms with the Phe68-
Pro69 peptide bond in the native trans conformatlon
and non-native cis conformation, respectively.*’
such a mechanism, N would unfold to Ur Very
rapidly during the burst phase, and the Uy — Uc
transition is a prolyl peptide isomerization reaction
that would give rise to the observable phase. Such a
mechanism is unlikely because: (1) the observed
unfolding rate constants have a steep dependence
on the denaturant concentration, which is not ex-
pected for a prolyl peptide bond isomerization re-
action; (2) the observed rate constants are also faster
than expected for a prolyl peptide bond isomeriza-
tion reaction; and (3) all the change in solvent-
accessible surface area would take place from N to
Uy, but only about 45% of the surface area change
occurs from N to the burst phase product.

Characterization and position of the rate-limiting
transition state of folding

The Tanford p value (Br) is a measure of the change
in solvent-accessible surface area from U to the rate-
limiting transition state, relative to the change in
solvent-accessible surface area when U folds com-
pletely to N. Bt values have been used as a measure
of the position of the transition state along the reac-
tion coordinate. The Bt values of the SH3 domain of
PI3 kinase have been determined to be 0.45 and 0.57
(Table 1) for folding in GAnHCl and urea, respec-
tively. This indicates that the transition states in urea
and GdnHCI possess somewhat similar solvent-
accessible surface areas, and hence, very similar
structures. It would appear therefore that unlike in
the case of barstar,' the folding pathway of the SH3
domain in urea is the same as that in GdnHCI. It is
possible, however, that the protein uses different
pathways to fold in GAnHCI and urea, and that the
solvent-accessible surface areas of the transition
states on these pathways happen to be the same. In
this context, it should be noted that although the
solvent-exposure of residues in I is the same in both
denaturants, the stabilities determined for I appear to
be dissimilar (Table 1).

It is possible to reveal the range of folding and
unfolding pathways available to a particular protein
by studying different homologous members of the
family,® by making different variants of the same
protein,”™ or by changing solvent conditions using
denaturants.”’ The transition states of parallel un-
folding pathways have been distinguished by their
pr values.”! In the case of SH3 domains, molecular
dynamlc simulations have indicated parallel path-
ways, * and the different transition states observed
in different homologues or circular permutants may
represent alternative folding pathways available to a
protein.”” The spread in By values seen for different
SH3 domain proteins might, in fact, be due to
different folding pathways preferred by different
members of the family.” In future work, it will be
important to determine whether the folding and
unfolding pathways in the two denaturants are
indeed the same.

Validating the population of an intermediate
after the rate-limiting step of folding in GdnHCI

The values of Bt of the rate-limiting transition
state TS1 and of the corresponding property, oy, of
the intermediate I represent the relative positions of
TS1 and I along the reaction coordinate connecting
U and N. When GdnHCI is the denaturant, the
analysis of the thermodynamic and kinetic data
according to the three-state N < I < U model, clearly
positions I after the rate-limiting transition state,
TS1, of folding (Table 1). When urea is the dena-
turant, the values of Brand oy appear to be the same,
but there are large experimental errors in their
determination. It is therefore not possible at present,
in the case of folding in urea, to determine whether I
is a high-energy intermediate immediately preced-
ing TS1, or whether it is populated after TSI.

In the case of folding in GAnHCI, it was important
to confirm, in an independent manner, the result of
the three-state analysis showing that I is populated
after the rate-limiting transition state TS1. This was
achieved by carrying out the interrupted unfolding
experiments, which showed that I can fold directly
to N (Fig. 6), and that the rate of refolding of I to N is
much faster than that of U to N. This result validates
the placement of the rate-limiting transition state
TS1 between U and I, for folding in GdnHCL. If
instead I were a high-energy intermediate preceding
TS1 during refolding, then the refolding kinetics
observed in the interrupted unfolding experiment
would have been the same as in the direct refolding
experiment because I would have equilibrated
rapidly with U in refolding conditions.

Although the highest barrier exists between U and
I for folding in GdnHC], the actual change in fluo-
rescence takes place only when I refolds to N. Since I
is populated after the rate-limiting transition state, it
remains undetected in single-jump refolding stu-
dies, even when multiple probes are used.® It is
interesting to note that the formation of such an
intermediate after the rate-limiting transition state
during the folding of a SH3 domain was suggested
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earlier by computational studies.”>>* Those studies
indicated that desolvation of the hydrophobic core
occurs only as the intermediate refolds to the native
state, in agreement with the observations made in
this study. The computational studies indicated that
secondary structure is formed upon crossing the
main free energy barrier, and that tertiary contacts
are formed only upon subsequent crossing of the
smaller energy barrier. These results are in good
agreement with the observation made in this study
that the intermediate formed after the rate-limiting
step possesses native-like secondary structure but
has not attained native-like tertiary structure.

Intermediates populated after the rate-limiting
transition state have been identified for several pro-
teins by the use of native-state hydrogen exchange
measurements.” The partially unfolded conforma-
tions detected by native-state HX usually remain
undetected when folding is monitored by optical
probes. An exception is the case of the bacteriophage
T4 lysozyme, where the hidden intermediate man-
ifests itself as an unfolding intermediate.'® In the
case of the SH3 domain, native-state HX in con-
junction with mass spectrometry or NMR have re-
vealed partially unfolded conformations of domains
from many different proteins,®® but optical methods
have failed to detect any intermediate during re-
folding. Here, optical methods have shown that a
partially unfolded conformation accumulates dur-
ing the unfolding of the SH3 domain of PI3 kinase.
The same intermediate is shown to form only
after the rate-limiting transition state during
refolding in GdnHCI. HX experiments in progress
show clearly the presence of the unfolding inter-
mediate, and the observed HX-monitored rate
of unfolding of I to U at a low concentration of
GdnHCI matches that predicted by the extrapola-
tion of the fluorescence-monitored unfolding rates
(our unpublished results). The HX experiments in
conjunction with mass spectrometry are being used
to obtain structural information about the inter-
mediate, and to investigate the important ques-
tion of whether the unfolding pathway of the
protein is the same in low and high concentrations
of denaturant.

Materials and methods

Buffers and reagents

All buffers and reagents were of ultra-pure grade, and
20 mM sodium phosphate (from Sigma) was used as
the buffer at pH 7.2. GAnHCI and urea were from USB
Corporation.

Cloning and purification of the SH3 domain of PI3
kinase

The gene encoding the SH3 domain of PI3 kinase,
cloned in the pUC57 vector between the BamHI and EcoRI
restriction sites, was obtained from GenScript Corpora-
tion. It was sub-cloned into the pET22b(+) expression

vector (from Novagen). The construct was confirmed by
DNA sequencing.

Escherichia coli BL21(DE3) cells were transformed with
the pET22b(+) construct containing the gene encoding the
SH3 domain. A colony was grown in 100 ml of LB
medium until the absorbance reached a value of 0.7, at
600 nm. A 25 mL sample of this culture was transferred to
500 mL of terrific broth, and grown for 3 h. Protein
expression was induced by adding isopropylthiogalcto-
pyranoside (IPTG) to a final concentration of 40 pM, and
the culture was grown for another 9 h. Cells were pelleted
by centrifugation at 6000 rpm for 20 min (1 L of culture was
processed at a time). The pellet was suspended in 15 mL of
lysis buffer (16 mM Na,HPO,, 4 mM NaH,PO, 150 mM
NaCl, 1% (v/v) Triton X-100, 0.2 mM EDTA, 0.2 mM
paramethyl sulfonyl fluoride, and one tablet of Protease
Inhibitor (from Roche)). After sonication for 15 min, the
lysate was centrifuged for 15 min at 17,000 rpm. The
supernatant was loaded onto a Sephadex G-50 column
equilibrated with buffer A (50 mM trls, 20 mM NaCl, 0.1%
(v/v) p-mercaptoethanol, 0.2 mM EDTA, pH 8). Fractions
(10 mL) were collected, checked by SDS-PAGE, and
fractions containing the SH3 domain were pooled. The
protein was then loaded on to a DEAE Sepharose anion-
exchange column, and eluted with a 0 — 0.5 M NaCl
gradient using an AKTA Basic 10 HPLC. The purity of the
protein was checked by SDS-PAGE, and electrospray
ionization mass spectrometry (ESI-MS). The protein was>
98% pure. The mass obtained (9363.8 Da) was that
expected for the SH3 domain, whose sequence is:

SAEGYQYRALYDYKKEREEDIDLHLGDILTVNKGSL-
VALGFSDGQEAKPEEIGWLNGYNETTGERGDFPGTY-
VEYIGRKKISP

About 10-15% of the SH3 domain molecules had a mass
of 9276.8 Da, indicating that the N-terminal serine residue
had been cleaved off. The typical yield was 100 mg of pure
SH3 domain per liter of growth culture.

The protein was also expressed as a GST-fusion protein
using the pGEX-4T-2 plasmid. Thrombin cleavage of this
fusion protein yielded a homogeneous SH3 domain, but
with three extra residues preceding Serl in the SH3 do-
main sequence. This protein was identical with that used
in an earlier study.*® The folding and unfolding kinetics
(rates as well as amplitudes) of this protein in GAnHCl as
well as in urea were found to be identical in all respects
with those reported here, including the occurrence of a
burst phase change during fluorescence-monitored
unfolding in high concentrations of denaturant. Hence,
no aspect of the kinetics reported here can be attributed to
the 10-15% heterogeneity of the protein used in this study.
It should be noted that the pGEX-4T-2 expression system
yielded 10-to 20-fold less protein than that obtained using
the pET22b(+) expression system; hence the latter was
used for expressing protein.

Equilibrium unfolding experiments

All refolding and unfolding experiments were carried
out using the SFM-4 mixing module and its optical system
(MOS-200) from Biologic, unless otherwise mentioned.
Equilibrium unfolding was done at pH 7.2, by incubating
the protein (~10 puM) in different concentrations of
GdnHCl for 4 h at 25 °C. The unfolding was monitored
by the change in fluorescence at 300 nm upon excitation at
268 nm. A 1 cm pathlength cuvette was used. The exci-
tation slit-width was 1 mm, and a band-pass filter of 300
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£10 nm was used for measuring the fluorescence emis-
sion. Equilibrium unfolding in urea was carried out by
incubating the protein (~30 uM) in different concentra-
tions of urea for about 8 h at 25 °C. Unfolding was
monitored either by measuring the change in fluorescence
at 300 nm using the MOS-450 module from Biologic, or by
measuring the change in ellipticity at 222 nm using a
Jasco-]J720 spectropolarimeter. A 0.2 cm pathlength cuv-
ette was used for the far-UV circular dichroism (CD)
measurements and the excitation band width was set to
1 nm.

Kinetic unfolding experiments

The kinetic unfolding experiments were done by di-
luting the native protein at pH 7.2, to different concen-
trations of GAnHCI or urea (final protein concentration
of 15-20 uM). Unfolding was monitored by the change
in fluorescence at 300 nm using a band-pass filter of
300+10 nm. The excitation wavelength was 268 nm with
a slit-width of 1 mm, and the mixing dead time was
10.8 ms.

In addition to the stopped-flow measurements of the
kinetics of unfolding, manual mixing measurements of the
kinetics of unfolding were done for all concentrations of
denaturant in which the observed rate of unfolding was<
0.027 s '. In these manual mixing experiments, fluores-
cence changes during unfolding were measured using the
MOS-450 optical system (Biologic).

Kinetic unfolding experiments that monitored the
change in ellipticity at 222 nm were done with the Jasco-
J720 spectropolarimeter. Unfolding was achieved by
diluting the native protein at pH 7.2 in different con-
centrations of urea (final protein concentration 30 pM). A
0.2 cm pathlength cuvette was used, and the excitation
band width was 1 nm.

Kinetic refolding experiments

The protein was unfolded in unfolding buffer con-
taining either 6 M urea or 4 M GdnHCl at pH 7.2.
Refolding was initiated by diluting the denaturant to
different concentrations below the midpoint of the equi-
librium unfolding transition, using an SFM-4 stopped-
flow machine with a dead time of 10.8 ms. Refolding was
monitored by the change in fluorescence at 300 nm, using
a band-pass filter of 300+10 nm. The excitation wave-
length was 268 nm, and the excitation slit width was
1 mm. The final protein concentration was 15-20 uM.

Interrupted unfolding experiments

Interrupted unfolding experiments were done with an
SFM-400 machine (Biologic). Native protein (125 pL of at
pH 7.2) was mixed with 125 pL of unfolding buffer
containing 6 M GdnHCI so that the concentration of
GdnHCI was 3 M. The mixture was incubated in a 190 pL
loop (220 pL, inter-mixer volume) for different lengths of
time from 100 ms to 50 s. Refolding was initiated by
mixing 120 pL of the incubated mixture with 240 pL of
refolding buffer so that the final concentration GdnHCI
was 1 M. The mixing dead time was 19 ms, and the final
protein concentration was 10-15 pM. The refolding
kinetics was monitored by the change in fluorescence at
300 nm, using a band-pass filter of 300+5 nm. The exci-
tation wavelength was 268 nm, and the excitation band
width was 5 nm.

Analysis of equilibrium and pre-equilibrium unfolding
data

The far-UV CD and fluorescence-monitored equilibrium
unfolding transitions were analyzed together using a
three-state N I < U model.**** For such an unfolding
mechanism, the observed optical signal, yobs, is given by:

—AGNT —AGNU
_yN+ N+ (yu —yn)Z)e R +yue ®
Yobs = “AGy  —AGny
1+err +e rr

1)

where yy and yy are the optical signals of the native and
unfolded proteins, respectively. AGy; and AGny (=AGni+
AGyy) are the free energies of unfolding of Nto I, and to U,
respectively, and AGyy is the free energy of unfolding of I
to U. Z; is a measure of the optical signal of I, y, relative to
yn and yy, and is given by:

7 = yn-y~n 2)
Yu — YN

The fractional change in signal, f,,p, at a particular con-
centration of denaturant, [D], is determined from y,ps, by:

Yobs — (yN + nlN[DD (3)

Japp = (yu + my[D]) — (yn + mn[D])

In Eq. (3), it is assumed that the optical signals char-
acteristic of N and U have linear dependence on [D], given
by the slopes my and my, respectively.

For the three-state model, f,p, is given by:

-G, e
Zi*e R +e R
Japp =~y e (4)

l+er +e wr

AGny, AGyy and AGny are assumed to have linear depen-
dence on [D], given by the slopes mEay, mEy and mEyy,
respectively:

AGNI = AGNI (HzO) + mENI [D] (5)
AG[U = AG[U (Hzo) + mEIU [D] (6)
AGny = AGnu (H20) + mEyyy (D] (7)

mEay, mEy and mEny (=mBa M) represent the pre-
ferential free energies of interaction with denaturant of N
in comparison to that of I, of I in comparison to that of U,
and of N in comparison to that of U, respectively.

The curves traced by the t= 0 points of the kinetic
unfolding traces were fit to a two-state N — I model by:

—AGn1
_ YntYie—gr
Yobs = TAG (8)

NI
1+e—77"

Analysis of kinetic unfolding and folding data

All the kinetic unfolding traces were fit to single-
exponential equations. The kinetic refolding traces were
fit to either a single-exponential or a double-exponential
equation depending upon the denaturant concentration.

The three-state model used for analysis of the kinetic
data was the same as that used for the equilibrium data:

ki kg

-1 =
=1

kv kur
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The analysis becomes simple when kyy, k> kpy for all
concentrations of denaturant. Then during unfolding, N
transforms rapidly to I so that a fast pre-equilibrium is
established between N and I, defined by the equilibrium
constant:

Knir = kni/kin

then I unfolds to U in the observed unfolding phase. In
high concentrations of denaturant, the observed rate
constant of formation of U is given by:

Knio
1+ Ky

At low concentrations of denaturant, when kny<<kqn;,
Knp will be <<1, and N, (which represents an effective two-
state, N to U unfolding rate constant under conditions
when I is not populated, but which is not an elementary
rate constant) is given by:

)\u = kIU (9a)

Nu = Knr - ko (9b)

Equation (9) can be used to express \,, in terms of AG¥,
the free energy of activation of the I — U transition and
AGn. A is the pre-exponential factor, which is a constant:

7AGN1

_AGIIU

T1+ e‘AGNI CTRT (10)

Since Knu= Nu/ N¢and Knu= Knr K= K kru/kur,

and since Ny = Kni - kiu (Eq. (9b)), the overall observed rate
constant of formation of N is given by:

N =kut (11)

Equation (11) is applicable when the U to I transition is
the rate- hmltmg step durmg folding.

When \; is expressed in terms of AGHy,, the free energy
of activation of the U — I transition, Eq. (11) becomes:

~AG,
RT

where A is the pre-exponential factor, which is a constant.

It should be noted that the three-state mechanism can be
solved analytically to obtain expressions for the fast (\f,st)
and slow (Ngow) Observed rate constants in terms of kyy,
ki, kru, and When Ngage >> Ngiow, and kny, kv >> kyu, ko,
Nslow 15 found to be equal to the sum of N\, and N4, as
defined by Eqs. (9) and (11).

In using Egs. (10) and (1 2 to analyze the denaturant
dependence of A, and Ny, AG*y and AGHy, like AGyy, are
assumed to have hnear dependence on [D], which are
given by the slopes m*y and myy, respectively:

=Ae—U (12)

AG! = AG! w(H20) + mIU (D] (13)

AGiUI = AGiUI(H2O) + mlfn[D} (14)

where m ;; and m"y; represent the preferential free
energies of interaction with denaturant, of TS1 in com-
parison to that of I, and to that of U, respectively. TS1 is the
transition state preceding I during folding.
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