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A continuous-flow mixing device with a dead time of 100 ms coupled with
intrinsic tryptophan and 1-anilinonaphthalene-8-sulfonate (ANS) fluor-
escence was used to monitor structure formation during early stages of
the folding of staphylococcal nuclease (SNase). A variant with a unique
tryptophan fluorophore in the N-terminal b-barrel domain (Trp76 SNase)
was obtained by replacing the single Trp140 in wild-type SNase with His
in combination with Trp substitution of Phe76. A common background of
P47G, P117G and H124L mutations was chosen in order to stabilize the
protein and prevent accumulation of cis proline isomers under native con-
ditions. In contrast to WTp SNase, which shows no changes in tryptophan
fluorescence prior to the rate-limiting folding step (,100 ms), the F76W/
W140H variant shows additional changes (enhancement) during an early
folding phase with a time constant of 75 ms. Both proteins exhibit a major
increase in ANS fluorescence and identical rates for this early folding
event. These findings are consistent with the rapid accumulation of an
ensemble of states containing a loosely packed hydrophobic core
involving primarily the b-barrel domain while the specific interactions in
the a-helical domain involving Trp140 are formed only during the final
stages of folding. The fact that both variants exhibit the same number of
kinetic phases with very similar rates confirms that the folding mechan-
ism is not perturbed by the F76W/W140H mutations. However, the Trp
at position 76 reports on the rapid formation of a hydrophobic cluster in
the N-terminal b-sheet region while the wild-type Trp140 is silent during
this early stage of folding. Quantitative modeling of the (un)folding
kinetics and thermodynamics of these two proteins versus urea concen-
tration revealed that the F76W/W140H mutation selectively destabilizes
the native state relative to WTp SNase while the stability of transient inter-
mediates remains unchanged, leading to accumulation of intermediates
under equilibrium conditions at moderate denaturant concentrations.
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Introduction

Elucidating early events in the transition from
the ensemble of unfolded states to the native
conformation of a protein is one of the most
challenging and critical aspects of the protein fold-
ing problem.1 While some proteins can reach the
native state in a single, concerted step,2 many
others fold in stages with significant conformation-
al events occurring within milliseconds of
refolding, long before the native population
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appears. These structural events are often
attributed to accumulation of partially folded inter-
mediates, which may act as stepping stones in
finding the unique native conformation.1,3 – 5 How-
ever, the fact that some (small) proteins fold with-
out detectable intermediates has raised questions
concerning the role of intermediates in guiding
the polypeptide chain toward its native
conformation.2 In addition, rapid changes observed
in folding experiments were suggested to reflect
the response of the denatured polypeptide chain
to the change in solvent conditions,6 or they have
been dismissed as experimental artifacts.7 How-
ever, advances in rapid mixing techniques8 – 11 have
made it possible to extend kinetic measurements
well into the microsecond time-scale, which
enabled us to directly observe some of the pre-
viously unresolved (burst-phase) events during
folding of a number of proteins.12 – 15 The
observation of one or more exponential phases
preceding the rate-limiting folding step supports
the notion that these rapid spectral changes reflect
specific barrier-limited folding steps.16,17

These studies relied on intrinsic fluorescence
from tryptophan (Trp) residues, which can provide
information on solvent accessibility, specific
tertiary interactions or donor–acceptor distance
distributions. Other complementary probes to
monitor structure formation, which were success-
fully combined with ultrarapid mixing devices,
are circular dichroism (CD) for monitoring overall
secondary structure formation,18 pulsed hydrogen
exchange labeling for monitoring stable hydrogen
bonded structures,19 and small-angle X-ray scatter-
ing for monitoring compactness and size of protein
molecules.20,21

While fluorescence is arguably the most sensitive
and versatile spectroscopic probe for folding
studies, intrinsic fluorescence from naturally occur-
ring tryptophan residues of some proteins may not
be sensitive to early folding events. One such case
is the 149 residue protein staphylococcal nuclease
(SNase), which contains a single tryptophan
residue at position 140 whose fluorescence is sub-
stantially enhanced upon folding. However, the
fluorescence of Trp140 undergoes little or no
change prior to the rate-limiting folding event
(,100 ms) despite the fact that significant confor-
mational changes are known to occur at earlier
times, based on previous H/2H exchange labeling
results,22,23 CD data,24 and the observation of a lag
phase in the appearance of the native structure.25

The crystal structure of SNase (Figure 1) can be
divided into two domains, an N-terminal b-barrel
domain consisting of five b-strands (strands I–V)
and a C-terminal a-helical domain consisting of
three a-helices (helix H1–H3).26 The folding mech-
anism of SNase has been extensively investigated
for more than three decades.22 – 25,27,28 Many studies
focused on slow folding steps involving cis–trans
isomerization of peptide bonds preceding proline
residues29 – 31 and heterogeneity of conformations
under native conditions arising from proline

isomerization.32 – 34 SNase also served as an
important test case for exploring protein confor-
mation under denaturing conditions.35,36 Recent
pulsed H/2H exchange experiments showed that
NH groups in the b-barrel domain, especially
those in strands II and III, are protected from
solvent exchange within ,10 ms of refolding
while all other NH probes are protected only
during the final stages of folding.23 However, the
fluorescence of the naturally occurring tryptophan
residue, Trp140, is insensitive to these early struc-
tural events due to its location in the C-terminal
region of the protein (Figure 1).

In order to directly observe the formation of the
b-barrel domain at an early stage of folding, we
constructed an F76W/W140H double mutant of
SNase in order to introduce a Trp residue at pos-
ition 76, a largely buried location at the opening of
the b-barrel. Equilibrium studies on several SNase
variants containing a Trp in the b-barrel domain
have been reported.37 – 40 However, the interpret-
ation of these fluorescence studies is complicated
by the presence of two Trp residues, which we
avoided by replacing the wild-type Trp140 with
His (the most stable among a series of substitutions
tested; see below). In addition to monitoring the
burial of Trp76 due to formation of the hydro-
phobic core in the b-barrel domain, the develop-
ment of the hydrophobic core during SNase
folding was also observed by monitoring the
fluorescence of 1-anilinonaphthalene-8-sulfonate
(ANS), a hydrophobic dye known to interact
preferentially with loosely packed protein states,
including kinetic intermediates.41 Although ANS
can perturb conformational equilibria,42 and some
of the slower kinetic phases may reflect ANS-
induced conformational changes,43 the results

Figure 1. Ribbon diagram of H124L SNase based on an
NMR structure.63 Pro47 and Pro117 are replaced by Gly
in WTp SNase. In Trp76 SNase, Phe76 and Trp140 are
replaced by Trp and His, respectively, with the back-
ground mutations P47G, P117G and H124L. Five
b-strands (I–V) and three a-helices (H1–H3) are
explicitly shown. The Figure was prepared using the
program MOLSCRIPT.62
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presented below indicate that the initial stages of
ANS binding reflect the development of non-polar
regions in early compact intermediates.

Both of the single-Trp variants studied here, WTp

SNase and the F76W/W140H double mutant (also
denoted Trp76 SNase), contain two Pro to Gly
substitutions at positions 47 and 117 designed to
eliminate species containing cis peptide bonds,32,44

and the stabilizing H124L mutation.45 Ultrarapid
continuous-flow11 and conventional stopped-flow
techniques were combined to measure the kinetics
of folding over the time range from ,100 ms to
100 s, using both intrinsic Trp and extrinsic ANS
fluorescence probes. The continuous-flow measure-
ments resolved two faster phases (l1 ¼ 13,500 s21

and l2 ¼ 3800 s21) in addition to the four slower
phases already reported in previous studies25.
Selective destabilization of the native state of
Trp76 SNase resulted in detectable amounts of an
equilibrium intermediate at moderate urea concen-
trations. Quantitative kinetic modeling indicates
that all equilibrium and kinetic data for both WTp

and Trp76 SNase can be accounted for by a com-
mon kinetic mechanism involving a series of
sequential intermediates populated along a major
pathway and a minor population folding along a
parallel pathway.

Results

Construction of the single-tryptophan variant,
Trp76 SNase

Because of its location in a largely solvent-
shielded position at the C-terminal end of helix
H3 (Figure 1), substitution of Trp140 by other
aromatic or aliphatic residues may destabilize the
native structure of SNase. The thermal unfolding
transition of WTp SNase and four Trp-free variants
(W140H, W140F, W140Y and W140L) in the same
background as WTp SNase (P47G/P117G/H124L)
was measured by monitoring far-UV CD at
222 nm (in 25 mM sodium phosphate (pH 7.0),
50 mM sodium chloride, 0.5 mM EDTA). All
proteins showed cooperative unfolding transitions
with midpoint temperatures, Tm; ranging from
44 8C (W140L) to 66 8C (WTp). The thermodynamic
parameters obtained by non-linear least-squares
fitting of a two-state model are listed in Table 1.
While all of the tryptophan-free variants are less
stable than WTp SNase, the W140H is the least
destabilizing (by 0.4 kcal mol21), and was chosen
as a background mutation for the preparation of
Trp76 SNase. The thermal unfolding data indicate
that replacement of Phe76 by Trp results in an
additional 0.6 kcal mol21 decrease in stability
(Table 1).

CD spectra of WTp and Trp76 SNase

In order to detect any structural perturbations
due to the tryptophan mutations, Figure 2

Figure 2. CD spectra of WTp and Trp76 SNase at pH 7.0
as well as 2.0 and 15 8C in (a) far-UV and (b) near-UV
regions. The CD spectra of WTp (broken lines) and
Trp76 (continuous lines) SNase at pH 7.0 and 2.0 are
shown in thick and thin lines, respectively. The solution
contained 20 mM sodium phosphate (pH 7.0) or 10 mM
HCl/phosphoric acid (pH 2.0) in addition to appropriate
concentrations of the protein. The protein concentrations
were 2–10 mM and 50–75 mM for far-UV and near-UV
regions, respectively.

Table 1. Thermodynamic parameters for thermal unfold-
ing of WTp SNase, Trp-free variants (W140H, W140F,
W140Y, W140L) and Trp76 SNase (F76W/W140H)

Tm

(8C)
DH

(kcal mol21)
DG

(kcal mol21)a

DDG
(kcal mol21)a

WTp 66.3 85.2 6.1 –
W140H 59.0 82.2 5.7 20.4
W140F 56.9 81.0 5.5 20.6
W140Y 56.4 76.8 5.0 21.1
W140L 43.6 42.0 1.6 24.5
F76W/
W140H

56.6 77.6 5.1 21.0

All proteins contain the same background substitutions as
WTp SNase (P47G/P117G/H124L). Experimental condition:
25 mM sodium phosphate (pH 7.0), 50 mM NaCl, 0.5 mM
EDTA.

a Free energy of unfolding at 20 8C.
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compares the CD spectra for WTp and Trp76 SNase
in the far-UV (190–250 nm) and near-UV (250–
310 nm) regions under native (20 mM sodium
phosphate, pH 7.0) and denaturing (10 mM HCl,
3 mM phosphoric acid, pH 2.0) conditions at
15 8C. The far-UV CD spectrum of Trp76 SNase at
pH 7.0 shows a maximum at 193 nm and a broad
negative band with two minima at 209 nm and
222 nm, and is very similar to that of WTp SNase,
indicating that the F76W/W140H substitution has
a negligible effect on the overall secondary struc-
ture. In contrast, the near-UV CD spectra of the
two proteins show clear differences at neutral pH.
While Trp76 SNase exhibits distinct negative
bands at 281.5, 288 and 296.5 nm, these sharp
features are broadened out in WTp, which shows
the usual broad aromatic CD band with a mini-
mum at 281 nm and shoulders at 288 and 296 nm.
The distinct near-UV CD spectra of these two
proteins reflect the different local environments of
the two Trp residues. Trp76 appears to be located
in a more rigid and anisotropic environment than
Trp140, giving rise to a more resolved near-UV
CD spectrum. Although the naturally occurring
Trp140 is largely buried in the native SNase struc-
ture, the Trp side-chain appears to maintain some
degree of mobility, consistent with the fact that the
C-terminal segment, residues 142–149 is not well
defined in the X-ray crystal structure.26 In contrast,
the Trp residue introduced at position 76 is located
in a more rigid apolar environment at the edge of
the b-barrel domain. The far-UV CD spectra of the
two proteins exhibit small but clear differences
between 225 nm and 245 nm, which can be
explained by differential aromatic contributions in
the far-UV region due to the distinct environments
of the two tryptophan residues. At pH 2.0, both
SNase variants show nearly identical far and near-
UV CD spectra characteristic of a fully denatured
state devoid of persistent secondary and tertiary
structure.

Equilibrium unfolding of WTp and Trp76 SNase

Upon excitation at 288 nm, the fluorescence
spectra of WTp and Trp76 SNase at pH 5.2 and
15 8C exhibit emission maxima at 330 and 329 nm,
respectively, and yields of 3.4 and 3.6 relative to
equimolar N-acetyl-L-tryptophanamide (NATA).
The substantial blue shift and enhanced emission,
compared to NATA (lmax ¼ 352 nm at pH 5.2),
indicate that the Trp76 side-chain is largely
shielded from the solvent under native conditions.
At the same time, the well-resolved near-UV CD
spectrum indicates that Trp76 is immobilized
within a close-packed environment. At pH 2.0 and
15 8C, the emission maxima and relative yields of
these two proteins are close to those of NATA
(lmax ¼ 351 nm at pH 2), indicating that the Trp
side-chain is solvent-exposed under these
denaturing conditions.

The urea-induced unfolding transition of WTp

and Trp76 SNase was measured by recording a

series of fluorescence emission spectra, Em(l),
over the range from 300 nm to 450 nm (with exci-
tation at 288 nm) at urea concentrations, c, ranging
from 0 M to 7.5 M. All spectra for a given protein
were recorded in one session, using a computer-
controlled syringe titrator, which makes it possible
to use global fitting methods for data analysis. For
global fitting, the original data set, Em(l) at
various denaturant concentrations, was trans-
posed, yielding a set of unfolding transition curves,
Em(c), at different wavelengths (representative
examples at selected wavelengths are shown in
Figure 3a and b. Non-linear least-squares fitting of
two-state or three-state equilibrium models, using
a global fitting algorithm (see Materials and
Methods) yielded a set of global parameters (mid-
point concentrations, Cm; and m-values for each
transition) and local parameters (intercepts and
slopes for the native and unfolded baselines,
respectively, at each wavelength). The unfolding
transition of WTp SNase is well fitted by using a
two-state model (Figure 3a). However, in the case
of Trp76 SNase, two-state analysis resulted in a
noticeably lower quality of the fits (x2 ¼ 0.0071),
especially between 2 M and 3 M urea (Figure 4,
inset). Global fitting of a three-state model consist-
ing of native (N), intermediate ðIeqÞ and unfolded
ðUeqÞ states to the combined data for Trp76 SNase
(Figure 3b) resulted in a nearly twofold decrease
in x2 (0.0039). In addition, the three-state model
yielded somewhat smaller residuals than the two-
state model (Figure 4). The global (thermo-
dynamic) parameters thus obtained are listed in
Table 2. Based on these equilibrium parameters,
the population of each species can be calculated as
a function of urea concentration (continuous lines
in Figure 3c and d). The F76W/W140H mutations
destabilize the native structure by about 2.5 kcal
mol21 and result in a substantial population of an
equilibrium intermediate (,50% at 2 M urea).

The fitting of the transition curves at each wave-
length gives a collection of fluorescence intensities
of each species linearly extrapolated to 0 M urea
over the range of wavelengths (Figure 3e and f).
The extrapolated fluorescence spectra for N are
identical with those observed at 0 M urea with
lmax near 330 nm and three- to fourfold enhanced
fluorescence yield compared to the unfolded state
(or NATA). The extrapolated fluorescence spectra
for the U-state exhibit virtually no wavelength
shift and only slightly lower intensity than those
measured directly in 7.5 M urea, indicating that
the environments around the Trp residues of
unfolded WTp and Trp76 SNase are insensitive to
urea concentration (the lower intensity of the
extrapolated spectra is expected from the positive
slope of the curves in the unfolding region). The
fluorescence spectrum of Ieq for Trp76 SNase at
0 M urea has slightly higher intensity than that of
Ueq with a 6 nm blue shift, indicating that Trp76 in
this intermediate state is somewhat more buried
than in the fully unfolded state. Although the
fluorescence properties of intermediate and
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unfolded states are similar, the spectra are clearly
distinct as indicated by the error bars in Figure 3f,
which are based on the standard deviation of the
corresponding parameter in the global fitting
procedure.

We also followed the unfolding transition of
Trp76 SNase by monitoring the changes in the far-
UV CD spectrum at 222 nm (Figure 4b). An
excellent fit was obtained by using the thermo-
dynamic parameters derived from the global

three-state analysis of the fluorescence spectra
(continuous lines; an unconstrained three-state fit
results in a virtually indistinguishable transition).
In contrast, a two-state model led to systematic
deviations (broken lines), especially at urea con-
centrations between 2.5 M and 5 M (inset). As in
the case of the fluorescence data (Figure 4a), the
global three-state parameters also yielded smaller
residuals (upper panel in Figure 4b) and a nearly
twofold improvement in x2 (0.7 versus 1.3). The

Figure 3. Urea-induced equilibrium unfolding transition monitored by tryptophan fluorescence spectroscopy. The
top panels show unfolding transition curves of WTp SNase (a) and Trp76 SNase (b) at representative wavelengths
versus urea concentration. Continuous lines are predicted curves obtained by fitting the data globally, based on two-
state (WTp) or three-state (Trp76) models. The middle panels show the populations of native (N), intermediate (Ieq)
and unfolded (Ueq) states of WTp SNase (c) and Trp76 SNase (d) as a function of urea concentration predicted on the
basis of equilibrium (continuous lines) or kinetic (broken lines) experiments. For kinetically predicted populations,
based on Scheme 4, Ieq represents the combined populations of the I2 and I0 states and U includes the U and U0 states
(state M has negligible population under all conditions). The bottom panels show the deconvoluted fluorescence
spectra of the N, Ieq and Ueq states of WTp SNase (e) and Trp76 SNase ( f ) in the absence of urea predicted by global
fitting of two-state (WTp) or three-state (Trp76) models to the equilibrium unfolding data.

Nuclease Folding Mechanism 387



relative CD signals for the N, Ieq and Ueq states
obtained in this fit indicate that the equilibrium
intermediate contains about 15% residual a-helical
structure. The three-state equilibrium unfolding
mechanism for Trp76 SNase is further supported
by the kinetic data described below; the urea-

dependent populations of native, intermediate
and unfolded states predicted by the kinetic
model (broken lines in Figure 3d) are in quantitat-
ive agreement with those obtained by global
analysis the equilibrium fluorescence data
(continuous lines).

Figure 4. Comparison of three-state (continuous lines) and two-state (broken lines) equilibrium fits to the unfolding
transitions of Trp76 SNase monitored by fluorescence emission at 330 and 336 nm (a) and the CD signal at 222 nm (b),
along with residuals (upper panels). The insets in each panel show expanded plots of the post-transition regions
where the improvement of the three-state model is especially pronounced. The continuous line in b represents a con-
strained fit of a three-state transition to the CD data using the thermodynamic parameters (Cm1 ¼ 1:63 M,
m1 ¼ 2:4 kcal mol21 M21, Cm2 ¼ 2:1 M, m2 ¼ 0:9 kcal mol21 M21) obtained by global fitting of the combined
fluorescence data (Figure 3). An unconstrained fit resulted in very similar parameters (Cm1 ¼ 1:66 M,
m1 ¼ 2:4 kcal mol21 M21, Cm2 ¼ 2:1 M, m2 ¼ 0:7 kcal mol21 M21) and an indistinguishable unfolding curve.

Table 2. Thermodynamic parameters describing the urea-dependent equilibrium unfolding transitions of WTp and
Trp76 SNase

WTp SNase Trp76 SNase

Equilibriuma Kineticb Equilibriuma Kineticb

CmUN (M) 3.45 ^ 0.01 3.41 n. a. n. a.
mUN (kcal mol21 M21) 2.30 ^ 0.01 2.50 3.36c 3.29
DGH2O

UN (kcal mol21) 7.92 ^ 0.02 8.53 5.98c 5.93
CmUIeq (M) – 2.15 2.12 ^ 0.27 2.12
mUIeq (kcal mol21 M21) – 0.97 0.96 ^ 0.18 0.97

DGH2O
UIeq (kcal mol21) – 2.09 2.08 ^ 0.63 2.05

CmIeqN (M) – 4.21 1.63 ^ 0.04 1.67
mIeqN (kcal mol21 M21) – 1.53 2.40 ^ 0.08 2.32

DGH2O
IeqN (kcal mol21) – 6.43 3.90 ^ 0.23 3.88

Experimental conditions: 100 mM sodium acetate at pH 5.2 and 15 8C.
a Thermodynamic parameters obtained by fitting two-state or three-state models to fluorescence-detected equilibrium unfolding

data. Error estimates for equilibrium parameters are based on goodness of fit (^one standard deviation).
b Thermodynamic parameters calculated from the microscopic rate constants and kinetic m-values (Table 5) estimated by kinetic

modeling (see Materials and Methods).
c DGH2O

UN and mUN were calculated by adding the corresponding thermodynamic parameters for U $ I and I $ N transitions.
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To confirm that the unfolding transition of Trp76
SNase is fully reversible, we compared the CD
spectra of two Trp76 SNase solutions under
matching native conditions (at a low urea concen-
tration). One solution was prepared by dissolving
lyophilized Trp76 SNase into a buffer containing
0.63 M urea and 20 mM sodium phosphate (pH
7.0) while the other was obtained by tenfold
dilution of an unfolded Trp76 SNase solution con-
taining 6.26 M urea with 20 mM sodium phosphate
(pH 7.0). The far-UV CD spectra of these two
protein solutions were indistinguishable (data not
shown). This rules out the possibility that accumu-
lation of an equilibrium intermediate is caused by
an irreversible process, such as aggregation.

Folding kinetics of WTp and Trp76 SNase
monitored by intrinsic Trp fluorescence

The folding kinetics of WTp and Trp76 SNase
were monitored with the Trp fluorescence by
continuous-flow and stopped-flow measurements,
following a pH jump from the acid-unfolded state
(pH 2.0) to pH 5.2 at 15 8C (see Materials and
Methods). As shown in Figure 5a, the kinetic traces
from continuous-flow and stopped-flow measure-
ments cover the time window from 100 ms to 10 s
after initiating refolding (dead times of the con-
tinuous-flow and stopped-flow measurements
were 100 ms and 2.4 ms, respectively). The kinetic
traces are fitted to a sum of four and six
exponential functions for WTp and Trp76 SNase,
respectively. Kinetic parameters thus obtained are
listed in Table 3.

The rates and amplitudes of the slower four
phases detected by stopped-flow measurements
show trends very similar to those observed in a
previous study.25 The slowest phase (phase 6;
l6 , 0.01 s21) reflects a small fraction of molecules
whose folding is rate-limited by proline
isomerization,29 which will not be further con-
sidered here. Phase 4 (l4 , 10 s21) is the dominant
phase during refolding of these two proteins and
corresponds to the rate-limiting step during fold-
ing for the majority of molecules folding along the
predominant folding pathway, and phase 5
(l5 , 1 s21) is assigned to the rate-limiting step for
a smaller population of molecules following a
parallel folding pathway. A lag phase (phase 3;
l3 , 70 s21) was also found in previous studies of
several SNase variants.25,31 In addition to these
four phases, continuous-flow measurements
showed two additional fast phases (phase 1,

Figure 5. a, Refolding kinetics of WTp and Trp76 SNase
induced by a pH-jump from 2.0 to 5.2 measured by con-
tinuous-flow fluorescence at 15 8C. b, ANS fluorescence
changes during binding/folding reactions of Trp76
SNase measured by continuous-flow experiments in the
presence of 160 mM ANS at 15 8C. U ! A, salt concen-
tration jump from 0 M to 1 M KCl at pH 2.0; U ! N,
refolding induced by a pH jump from 2.0 to 5.2; A þ
ANS ! A·ANS, ANS binding kinetics in the presence of
1 M KCl at pH 2.0; native control, ANS binding kinetics
under the native conditions (pH 5.2). c, ANS concen-
tration dependence of the rates for the fast (filled
symbols) and slow (open symbols) phases observed
during the U ! A (O), U ! N (X), and A þ ANS !
A·ANS (B) reactions.

Table 3. Apparent rate constants and relative amplitudes of pH-induced folding of WTp and Trp76 SNase

A1 l1 (s21) A2 l2 (s21) A3 l3 (s21) A4 l4 (s21) A5 l5 (s21) A6 l6 (s21)

WTp SNase – – – – 0.23 40.6 21.78 10.4 20.40 1.35 20.26 0.10
Trp76 SNase 20.31 13525 20.19 3873 0.32 41.3 21.51 11.3 20.43 2.3 20.24 0.01

Rate constants and amplitudes of the kinetic phases observed in pH-induced continuous-flow and stopped-flow fluorescence
experiments. Refolding conditions: 0.1 M sodium acetate buffer at pH 5.2 and 15 8C.
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l1 ¼ ,12,000 s21; and phase 2, l2 ¼ ,4000 s21)
with increasing fluorescence only during refolding
of Trp76 SNase, indicating that Trp76 is partially
buried already during the early stages of the
folding. In contrast, no detectable change in fluor-
escence was observed for WTp SNase within the
first millisecond of refolding, indicating that on
this time-scale the environment of Trp140 remains
virtually unchanged. The initial fluorescence
intensity of approximately 1.3–1.4 relative to the
acid-unfolded state at pH 2.0 (Figure 5a) does not
necessarily mean the formation of a burst-phase
intermediate within the dead time of the con-
tinuous-flow measurements. The fluorescence of
NATA, which is a good model for the solvent-
exposed Trp side-chain in the unfolded state, is
approximately 1.3-fold more intense at pH 5.2
than that at pH 2.0 at 15 8C (data not shown), and
thus accounts for the observed fluorescence
intensity at early folding times, both for WTp and
Trp76 SNase.

ANS as a probe to monitor the early stages
of folding

ANS has often been used as a structural probe in
folding studies, taking advantage of the large
amplification of its fluorescence on binding to
hydrophobic surfaces or clusters,41 which is one of
the characteristics of transient folding inter-
mediates and partially structured equilibrium
intermediates, such as the salt-induced collapsed
states observed under acidic conditions (A-state).
Although it is assumed that the preferential bind-
ing of ANS during folding is so fast that the bind-
ing process itself does not perturb refolding
reactions under typical experimental conditions, it
remains unclear what actually occurs during early
stages of folding in the presence of ANS. Thus,
our first aim was to understand the mechanism
underlying ANS binding during the refolding of
WTp and Trp76 SNase using continuous-flow
mixing. Figure 5b shows kinetic traces of Trp76
SNase on pH-induced refolding from the acid-
unfolded state at pH 2.0 to native conditions (at
pH 5.2) and high salt conditions (1.0 M KCl at pH
2.0), where SNase preferentially forms the A-state.
Also shown is the kinetics of ANS binding to the
A-state, which serves as a reference binding
reaction not involving refolding. Experiments
were carried out at 15 8C in the presence of
160 mM ANS, whose fluorescence was monitored
above 418 nm upon excitation at 366 nm. Com-
pared with tryptophan, the sensitivity of ANS
fluorescence is much higher, so that the quality of
the continuous-flow data was excellent even at
relatively low protein concentrations (,5 mM).

The kinetic traces could be well fitted to double-
exponential functions with little or no missing
amplitudes (Figure 5b), indicating that the
observed time window accounts for the complete
ANS-detected reaction. Figure 5c shows the ANS
concentration dependence of the apparent ANS-

binding rates observed under different reaction
conditions (formation of the A-state, refolding to
the native state, and ANS binding to the preformed
A-state). The rate of the faster one of the two
kinetic phases observed varies linearly with ANS
concentration, and can be modeled as a simple
pseudo-first-order reaction (Scheme 1), where kon

and koff represent association and dissociation rate
constants (see Materials and Methods). The rate of
the major (faster) phase observed in refolding
experiments (U ! A or U ! N) shows a linear
increase at low ANS concentration, followed by
saturation at higher ANS concentrations
($120 mM), which is accounted for by an extended
version of Scheme 1 (Scheme 2), where Iacc

represents an ensemble of compact folding inter-
mediates able to associate with ANS. kUIacc and
kIaccU represent the microscopic rate constants of
interconversion between U and Iacc (see Materials
and Methods). The continuous lines in Figure 5c
represent the ANS concentration dependence of
the apparent rates obtained by quantitative
modeling based on Schemes 1 and 2. The kinetic
parameters used in the modeling are given in
Table 4. The equilibrium dissociation constant
Kd ¼ koff=kon ¼ 24 mM is consistent with corre-
sponding dissociation constant obtained in an

Scheme 1.

Scheme 2.

Table 4. Kinetic parameters of Trp76 SNase estimated by
modeling the kinetics of ANS binding to the A-state, and
the changes in ANS fluorescence during refolding under
native or A-state conditions

Reaction
kon

(s21 mM21)
koff

(s21)
kUIacc

(s21)
kIaccU

(s21)

A þ ANS $ A·ANSa 110 2680 – –
U $ N (þANS)b 120 2000 15,000 200
U $ A (þANS)c 85 4000 18,000 50

a ANS binding kinetics to the A-state at 15 8C. Experimental
conditions: 20 mM phosphoric acid, 1 M KCl (pH 2.0).

b Refolding kinetics from the acid-unfolded state to native
conditions at 15 8C. Refolding conditions: 100 mM sodium
acetate (pH 5.3).

c Refolding kinetics from acid-unfolded state to high salt con-
centration at 15 8C. Refolding conditions: 20 mM phosphoric
acid, 1 M KCl (pH 2.0).
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equilibrium titration experiment of ANS binding to
the A-state (93 mM, data not shown). Below
,100 mM ANS the apparent rate observed under
folding conditions is linearly dependent on ANS
concentration, approaching the pseudo-first-order
behavior of ANS binding to the A-state. Thus,
under all reaction conditions, ANS binding is rate
limiting at low ANS concentration. In contrast,
above ,120 mM ANS, the apparent rate constants
level off (Figure 5c), indicating that the reaction is
no longer pseudo-first-order, but is rate-limited by
a unimolecular process. The limiting rates
(1.4 £ 104 s21 and 1.75 £ 104 s21 for the U ! N and
U ! A reactions, respectively) are in excellent
agreement with the apparent rate constants of the
fastest phase (phase 1) in the pH-induced refolding
reaction of Trp76 SNase monitored by Trp
fluorescence (1.35 £ 104 s21), confirming that early
conformational events in folding are the rate-
determining step for ANS binding.

The apparent rate constant of the slower phase
(phase 2) observed in the ANS binding experi-
ments, ,4000 s21 independent of ANS concen-
tration, is similar to the rate of the second phase
in the folding kinetics monitored by intrinsic fluor-
escence (l2 ¼ 3870 s21; Table 3). Therefore, phase 2
also reflects an intramolecular conformational
event. The fact that intrinsic tryptophan fluor-
escence and the extrinsic ANS probe yield the
same rates for the first two folding phases provides
clear evidence that ANS binding does not perturb
the kinetics of conformational transitions on the
submillisecond time-scale. The similarity of
the kinetic behavior between refolding reactions to
the A and N states (Figure 5c) indicates that a com-
mon early step occurs in the formation of the A
state and the pH-induced folding reaction, despite
significantly different final conditions (20 mM
phosphoric acid and 1.0 M KCl, pH 2.0 versus
,100 mM sodium acetate, pH 5.2). Finally, we
performed a matching series of continuous-flow
measurements of ANS binding during refolding
and A-state formation of WTp SNase (data not
shown). The rates and amplitudes obtained are
very similar to those of Trp76 SNase (Table 4), indi-
cating that the early stages are not significantly
perturbed by the amino acid changes involved
(F76W and W140H).

Urea concentration dependence of folding and
unfolding kinetics of WTp and Trp76 SNase

The refolding kinetics of WTp and Trp76 SNase
were measured by monitoring ANS fluorescence
at various urea concentrations ranging from
0.44 M to 2.78 M at pH 5.2 and 15 8C, using the
continuous-flow method. Representative kinetic
traces of WTp and Trp76 SNase are shown in
Figure 6a and b, respectively. Each kinetic trace
was fit by a double (0.44–1.89 M urea) or a single-
exponential function (2.27–2.78 M urea). The close
similarity of the kinetic traces for WTp and Trp76
SNase (Figure 6) further supports our conclusion

that both proteins experience a common early step
in the refolding reaction.

Urea concentration dependence of the folding
and unfolding kinetics of WTp and Trp76 SNase
were also measured in stopped-flow experiments
by monitoring Trp fluorescence under experi-
mental conditions matching those of the con-
tinuous-flow measurements (pH 5.2, 15 8C,
excitation wavelength 288 nm). The observed rates
are plotted in Figure 7 as a function of urea concen-
tration. Apart from the fastest two phases
described above, the folding of these two proteins
consists of four phases at lower urea concen-
trations while two or three phases are observed at
higher urea concentrations. The lag phase (phase
3) accelerates with increasing urea concentration
before it disappears around 1 M urea. As pointed
out in previous studies,25,31 phase 3 is remarkable
in that the amplitude has a sign opposite to the
other phases, which indicates accumulation of an
intermediate with fluorescence properties similar
to U. Phase 4 of WTp SNase (Figure 7a) is the domi-
nant phase at 0.3 M urea (,70% of the amplitude),
and its rate constant, l4, is highly sensitive to

Figure 6. Refolding kinetics of (a) WTp and (b) Trp76
SNase following a urea concentration jump measured
by continuous-flow experiments in the presence of
160 mM ANS at pH 5.2 and 15 8C. Final urea concen-
trations are shown above each kinetic trace. The fluor-
escence intensity was scaled relative to the ANS
fluorescence in the presence of the protein of matching
concentration and 1 M KCl at pH 2.0.
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denaturant, decreasing from about 10 s21 at 0.3 M
urea to ,0.1 s21 at 3.5 M urea (the midpoint of the
unfolding transition). In the case of Trp76 SNase
(Figure 7b), l4 traces that of WTp SNase until reach-
ing its minimum at around 1.5 M urea, consistent
with its decreased stability compared to WTp

SNase. The rate constant of phase 5 of both
proteins (l5) also deceases monotonically with
increasing urea concentration.

The unfolding kinetics of WTp and Trp76 SNase
are well described by single-exponential functions
by virtue of the replacement of Pro117 by glycine,
which prevents formation of a heterogeneous
population of the native state.29 The unfolding
rate, lu, approaches l4 in the transition region,

indicating that this is the rate-determining phase
in the overall folding–unfolding transition. The
unfolding limb of Trp76 SNase shows pronounced
curvature, which is explained by the presence of a
native-like intermediate, M, which gives rise to a
denaturant-dependent switch in the rate-limiting
barriers encountered during unfolding. At high
urea concentrations, the transition from N to M,
which depends only mildly on denaturant concen-
trations, limits the rate of unfolding while at lower
urea concentrations the unfolding step from M with
its strongly urea-dependent rate constant determines
the unfolding kinetics. However, the curvature in the
unfolding limb of WTp SNase is less pronounced
because the accessible range of urea concentrations
is insufficient to reach the regime where the N ! M
transition is rate-limiting (see below).

Quantitative modeling of the folding kinetics of
WTp and Trp76 SNase

Walkenhorst et al. proposed a five-state kinetic
scheme (Scheme 3) in their study on H124L SNase
and a proline-free variant,25 where I and M are
intermediate ensembles on the major folding path-
way, explaining the curvature found in the folding
limb of phase 4 and unfolding limbs, respectively,
while U0 and I0 are the unfolded and the inter-
mediate states populated along a minor parallel
folding pathway. I0 is required to account for the
minor phase with a rate slower than l4 (l5). Our
continuous-flow measurements revealed two
additional faster phases (phase 1 and phase 2),
which can be accounted for by an extended scheme
(Scheme 4), where I2 corresponds to I in Scheme 3,
and I1 and I0 are intermediates responsible for
phases 1 and 2, respectively (see below). The
microscopic rate constants, kij; are defined by
equation (2) (see Materials and Methods). The rate
constant in the absence of denaturant, k0

ij; and the

Figure 7. Urea concentration dependence of the rates
of refolding (open symbols and cross) and unfolding
(filled symbols) of WTp (a) and Trp76 SNase (b) measured
in continuous-flow and stopped-flow experiments under
matching conditions (,100 mM sodium acetate, pH 5.2,
15 8C). The two fastest refolding phases, l1 and l2 were
measured by continuous-flow ANS fluorescence while
the slower refolding phases, l3–l6, as well as the single
unfolding phase (P) were measured by stopped-flow
fluorescence. The rate constants predicted by Scheme 4
(see the text) are shown as continuous lines (major
folding channel, U $ I1 $ I2 $ M $ N) and broken
lines (minor folding channel (U0 $ I0 $ M $ N).

Scheme 3.

Scheme 4.
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denaturant dependence of the microscopic rate
constants, m‡

ij; were varied to reproduce the urea
concentration dependence of the folding/unfold-
ing rates and amplitudes as well as equilibrium
properties, based on Scheme 4. The predicted
rates for folding along the major and minor path-
ways are shown in Figure 7 as continuous and
broken lines, respectively.

We first focus on the behavior of phases 1 and 2
because these faster phases are not significantly
coupled with the four slower phases. Each phase
represents accumulation of intermediates on either
folding pathway. If they represented a series of
intermediates on the same folding pathway, at
least one additional faster phase is needed to
account for the Uð0Þ $ Ið0Þ step on the other folding
pathway. However, we were unable to detect any
missing amplitude in the kinetic traces monitored
by both Trp and ANS fluorescence, arguing against
an additional phase. To account for the kinetic
data, one additional intermediate (I1) is required
to be placed on the major pathway while no
additional intermediate is required on the minor
pathway. For Trp76 SNase, the observation of a
cooperative transition between Ueq and Ieq

obtained by equilibrium unfolding experiments
requires that phases 1 and 2 are located on the
major and minor pathway, respectively, because
the equilibrium m-value for the Ueq $ Ieq tran-
sition, mUIeq; which primarily reflects the major
pathway, is 0.96 kcal mol21 M21, which is better
approximated by the kinetic m-values for
phase 1 (m‡

I1U 2 m‡
UI1 ¼ 0:96 kcal mol21 M21) than

that of phase 2 (m‡
I0U0 2 m‡

U0I0 ¼ 1:30 kcal mol21 M21).
If we were to assign l1 to the minor pathway and
l2 to the major pathway, the model would predict
a steeper equilibrium unfolding transition between
Ueq and Ieq, inconsistent with the observed equi-
librium measurements. Since WTp SNase exhibits
kinetic behavior on this time-scale very similar to
Trp76 SNase (see Figure 6), we applied the same

scheme to the WTp SNase. The microscopic rate
constants thus determined are listed in Table 5.
We found that a more complicated scheme includ-
ing a second intermediate along the minor path-
way gives slightly better fits, but we chose to
present the simpler Scheme 4, which appears to be
the simplest possible scheme that fully accounts
for the kinetic and thermodynamic data (see
Discussion).

We also considered the possibility that phases 1
and 2 are due to sequential intermediates located
on the major pathway while phase 5 represents
the interconversion between U0 and M states. How-
ever, in this case the total m-value for the formation
of I2 from U, estimated from the m-values for the
intervening steps ðm‡

UI1 þ m‡
I1U þ m‡

U0I0 þ m‡
I0U0 Þ;

would be at least 2.2 kcal mol21 M21, which is
much larger than the mUI-value of 0.96 kcal mol21

M21 measured at equilibrium (Table 5). Thus, l1

and l2 cannot be attributed to sequential steps.
The remaining four phases were modeled as

described by Walkenhorst et al.25 First, we consider
the major folding pathway. In the refolding reac-
tion, the curvature of l4 at low urea concentrations
is consistent with accumulation of at least one
intermediate (I2) ðl4 , kI1I2=ðkI1I2 þ kI2I1Þ £ kI2MÞ:
Similarly, the curvature in the unfolding limb of
Trp76 SNase requires at least one intermediate (M)
to bring about the switch of the rate-limiting step
of the unfolding reaction ðlu , kMI2=ðkMI2 þ kMNÞ £
kNMÞ: The previous study clearly showed curvature
in the GuHCl-induced unfolding rate of H124L
and a proline-free SNase.25 We assume the same
phenomenon occurs for WTp SNase, but the curva-
ture in the unfolding profile is less pronounced
because of the weaker denaturing strength of urea
compared to GuHCl. In contrast to the major fold-
ing pathway, the kinetic behavior of the minor
pathway is well accounted for without adding
other intermediates. Thus, phase 5 is attributed to
the interconversion between I0 and M.

Table 5. Kinetic parameters estimated by modeling the folding kinetics of WTp and Trp76 SNase, based on Scheme 4

Reaction
WTp SNase Trp76 SNase

i ! j Rates ðk0
ijÞ (s21)a m‡

ij-value (kcal mol21 M21)b Rates ðk0
ijÞ (s21)a m‡

ij-value (kcal mol21 M21)b

U ! I1 18,000 20.56 18,000 20.56
I1 ! U 500 0.4 500 0.4
I1 ! I2 30 0 40 0
I2 ! I1 25 0.65 15 1.15
I2 ! M 22 20.45 15 20.3
M ! I2

c 7.5 0.4 90 0.8
M ! Nc 50,000 0 50,000 0
N ! M 1.8 0.04 20 0.08
U0 ! I0 6500 21.1 6500 21.1
I0 ! U0 15 0.5 100 0.2
I0 ! M 1 20.32 2 21.2
M ! I0 1 0.2 0.1 0.2
U ! U0 0.00004 0 0.00004 0
U0 ! U 0.001 0 0.001 0

a Rate constant for a given process in the absence of urea.
b Kinetic m-values according to equation (1).
c Only the ratio kMN=kMI is uniquely determined.

Nuclease Folding Mechanism 393



As an additional test of the model, we calculated
the time-course of folding on the basis of the
microscopic rate constants (Table 5), which were
optimized by fitting the observable rates (Figure 7).
As indicated by the broken lines in Figure 6, the
model provides an adequate simultaneous fit of
the whole family of kinetic traces at different
denaturant concentrations, both in the case of WTp

and Trp76 SNase. In addition, the optimized
kinetic parameters quantitatively reproduce the
population of the equilibrium states, N, Ieq and Ueq

(broken lines in Figure 3c and d), which demon-
strates an excellent agreement between kinetic and
equilibrium thermodynamic parameters. Because
some of the states assigned in the kinetic measure-
ments cannot be resolved under equilibrium con-
ditions, we combined U and U0 in Ueq, and I1, I2

and I0 in Ieq. The contribution of M to the equi-
librium population is negligible because it is
always a high-energy state with negligible
population. Table 2 shows excellent agreement
between the equilibrium thermodynamic par-
ameters predicted by the kinetic modeling and
those obtained by fitting the equilibrium unfolding
transitions. Accumulation of an equilibrium inter-
mediate for Trp76 SNase can be attributed to the
shift of the minimum in l4 to lower denaturant
concentration compared to the minima in l1 and
l2, giving rise to an increase in the stability of the
kinetic intermediates relative to N. On the other
hand, in the case of WTp SNase, the minima for l1

and l2 occur below that of l4, giving rise to a
highly cooperative equilibrium unfolding with
negligible accumulation of intermediates.

Discussion

Early stages of the folding of WTp and
Trp76 SNase

Evidence for accumulation of intermediates at
early stages of SNase folding has been reported
previously, based on the observation of kinetically
unresolved changes (burst phase) in CD24 and
fluorescence labeling experiments,46 and by
the observation of significant protection from
solvent exchange within 10 ms of refolding in
NMR-detected pulsed hydrogen exchange
experiments.22,23 Previous stopped-flow folding
experiments on SNase variants containing the
wild-type Trp140 showed only minor discrepancies
between the fluorescence intensity extrapolated to
a folding time t ¼ 0 and that of the initial unfolded
state at pH 2.0 (10–15% of total change, which is
largely accounted for by the intrinsic pH depen-
dence of Trp fluorescence).25,31 These studies
showed that Trp140 is a poor reporter for monitor-
ing the structural events before the rate-limiting
step of SNase folding. Thus, we constructed a var-
iant containing a single Trp at position 76 (F76W/
W140H), a buried position at the edge of the
hydrophobic core enclosed by the N-terminal

b-barrel, which proved to be a more sensitive
probe for observing early folding events.

The fluorescence of Trp76 SNase shows a signifi-
cant increase within 100 ms of refolding, indicating
accumulation of an intermediate in which Trp76 is
partially buried. By monitoring the fluorescence
changes associated with ANS binding, we were
able to greatly amplify the signal changes during
these initial stages of folding, confirming the for-
mation of an intermediate with solvent-exposed
hydrophobic surface area or a loosely packed
hydrophobic core. Previous studies showed that
ANS may perturb the folding reaction, and mean-
ingful results on the late stages of folding can
usually be obtained only by using a pulse labeling
technique.43 However, ANS turned out to be an
excellent probe for monitoring early folding events
in SNase, based on our observation that the
apparent rate constants in the presence of ANS
reflect the rates of folding measured via intrinsic
tryptophan fluorescence, provided that the ANS
concentration is high enough for its association
rate to exceed the folding rate.

Systematic folding/unfolding experiments of
WTp and Trp76 SNase showed that the folding
kinetics at low urea concentrations consists of five
phases (excluding the slowest phase, which has
been assigned to a minor population of molecules
occurring from the folding rate-limited by isomeri-
zation of prolyl-peptide bonds25,31). Despite its
complexity, Scheme 4 is a minimal extension of
the previously proposed Scheme 3,25 which is
necessary to account for the new sub-millisecond
process (phase 1) detected by both intrinsic Trp
and ANS fluorescence. Scheme 4 accounts for all
experimental data for both WTp and Trp76 SNase,
including the rates of the five main phases
(Figure 7) as well as the family of kinetic traces in
the presence of ANS (Figure 6; broken lines).

At urea concentrations near 1.5 M, phases 1 and
2 show a subtle curvature for both proteins
(Figure 7). We were able to account for this effect
by placing an additional intermediate between U
(U0) and I1 (I0) on each folding pathway. This
resulted in slightly improved quality of fitting,
especially for the series of kinetic traces monitored
by ANS fluorescence. However, the properties of
these hypothetical earliest intermediates are very
similar to those of U in terms of ANS binding and
Trp fluorescence, and the corresponding time con-
stant of the formation is ,50 ms. Since introduction
of the additional states has only a minor effect, we

Scheme 5.

394 Nuclease Folding Mechanism



chose the simpler model (Scheme 4) for further
discussion.

In order to test whether I1 is an ensemble of
on-pathway or off-pathway intermediates, we
examined an off-pathway version of Scheme 4
(Scheme 5). As expected from the rather weak
coupling between phases 1 and 3, the behavior pre-
dicted by Scheme 5 is essentially indistinguishable
from that of Scheme 4. This is because the inter-
conversion between U and I1 is much more rapid
than that between U (or I1 in Scheme 4) and I2, so
that a pre-equilibrium is rapidly established
between U and I1, as observed in other studies.15,47

The properties of the equilibrium intermediate
and its relationship to kinetic intermediates

The equilibrium unfolding of Trp76 SNase
revealed accumulation of an intermediate under
moderately denaturing conditions (,2 M urea).
A number of studies described equilibrium inter-
mediates in the denaturant and temperature-
induced unfolding transition of SNase variants.37–40

These results are explained by a model involving
an equilibrium intermediate consisting of the par-
tially structured b-barrel domain uncoupled from
the a-helical domain. This model is based on equi-
librium fluorescence data indicating that certain
variants of full-length SNase (especially V66W)
show deviation from two-state behavior, but can
be modeled by a three-state mechanism. Moreover,
the 1–136 fragment shows a single sigmoidal tran-
sition corresponding to the second transition of
the full-length protein (at higher denaturant con-
centration). Since 1–136 fragments of SNase con-
tain considerable b-structure uncoupled from the
a-helical domain in the absence of denaturant,48,49

their unfolding transition reflects disruption of the
b-barrel domain. This model can also explain the
multi-state unfolding behavior of Trp76 SNase.

Trp76 is located in the loop between strands
IV and V. The contact between the b-barrel and
a-helical domains is known to be stabilized by
two residues in this loop, Glu75 and Asp77, which
form ionic interaction with His12150 and hydrogen
bonds to Thr120,51 respectively. A previous study
showed that disruption of these interactions by
E75A or D77A substitutions resulted in accumu-
lation of experimentally detectable equilibrium
intermediates.38 It is likely that the replacement of
Phe76 with the bulkier Trp weakens these specific
interactions to some extent, causing a selective
destabilization of the native state in Trp76 SNase
relative to WTp SNase. In addition, the W140H sub-
stitution also contributes to the destabilization of
the native state of Trp76 SNase. Since Trp140 in
WTp SNase is largely buried and involved in exten-
sive contacts with both polar and hydrophobic
residues at the C-terminal end of helix H3
(Figure 1), the Trp to His substitution may affect
the stability of the a-helical domain to a larger
extent than that of the b-barrel domain. The ther-
mal unfolding experiments showed that W140H

substitution destabilizes the native state by
0.4 kcal mol21 while the subsequent F76W substi-
tution results in a further 0.6 kcal mol21 decrease
in stability (Table 1). From the viewpoint of fluor-
escence properties, the slightly more intense fluor-
escence of Ieq accompanied by a ,6 nm blue shift
in comparison with Ueq suggests a partially
solvent-shielded environment of the Trp76 side-
chain arising from residual structure in the
N-terminal domain of Ieq. Moreover, the free
energy, DGUI ¼ 2:08 kcal mol21, for the Ueq $ Ieq

transition of Trp76 SNase is in close
agreement with that of SNase V66W
(DGUI ¼ 2:21 kcal mol21).40

On the other hand, the urea-induced unfolding
equilibrium of WTp SNase is well approximated
by a two-state model while the kinetic model
predicts at most 5% population of Ieq (Figure 3c).
The m-value of the Ueq $ N transition, mUN; of
Trp76 SNase is 1.4-fold larger than that of WTp

SNase. The difference in mUN between WTp

and Trp76 SNase apparently arises from the
difference in mIeqN (Table 2), and especially in
m‡

I2I1 and m‡
MI2 (Table 5), based on the kinetic

model of WTp SNase. However, m‡
MI2 is not

uniquely defined due to lack of constraints for this
kinetic parameter (we can only define the ratio
kMI2=kMN), so that m‡

MI2 is likely to have a large
error, which may partly account for the apparent
difference. Trp140 in the a-helical domain of WTp

SNase is expected to be less sensitive to the struc-
ture changes in the b-barrel domain occurring
during the U $ Ieq transition than those occurring
during the Ieq $ N transition, where the a-helical
domain is uncoupled from the rest of molecule.
Thus, the unfolding transition probed by Trp140
corresponds mainly to the first transition of Trp76
SNase unfolding, as pointed out previously.37

Another possibility of the difference in mUN is the
stability difference of helix H3 between WTp and
Trp76 SNase. The destabilization by W140H substi-
tution in Trp76 SNase may result in partial unfold-
ing or fraying of helix H3 in the intermediate state,
giving rise to an increase in the accessible surface
area of Trp76 SNase between the native and the
intermediate states in comparison with WTp

SNase. This accounts for the difference in mUN

(especially mIeqN), since m-values are well corre-
lated with the change in accessible surface area
associated with unfolding transitions.

The equilibrium intermediate, Ieq, corresponds to
an ensemble of kinetic intermediates consisting of
I1, I2 and I0, with I1 making the dominant contri-
bution (92% of total population of Ieq at 1.96 M).
This assignment is consistent with the difference
in urea concentrations where l1 and l4 go through
a minimum in Trp76 SNase folding/unfolding
(Figure 7); around 2 M urea, folding from U as
well as unfolding from M is preferred so that
intermediate states are preferentially populated in
comparison with N or U. In fact, DGUI1

( ¼ 20.13 kcal mol21), DGUN ( ¼ 20.52 kcal mol21)
at 2 M urea are small as well as close to each
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other, that is N, I1 and U have similar free
energies at 2 M urea (Figure 8). In other words,
selective destabilization of N relative to U results
in significant accumulation of equilibrium inter-
mediates in Trp76 SNase at certain urea concen-
trations. On the other hand, the native state of
WTp SNase is more stable than Ieq, resulting in neg-
ligible population of equilibrium intermediates.
Quantitative modeling of the folding kinetics of
WTp and Trp76 SNase showed that the kinetic par-
ameters fully reproduce the equilibrium properties
(Figure 3c and d), which establishes the connection
between kinetic and equilibrium intermediates.

This work, together with a previous study,25

identified three intermediates (I1, I2 and M) on the
major folding pathway while one intermediate (I0)
is encountered on a minor parallel folding path-
way. I1 accumulates within 100 ms of refolding and
contains a partially consolidated core (probably
within the b-barrel domain) able to bind ANS. I2,
which was previously shown to contain a stable
hydrogen-bonded b-hairpin comprising strands II
and III, is populated over the 10 ms time-
range.23,25 M is a native-like state giving rise to a
bend (rollover) in the unfolding kinetics.25 Finally,

I0 is a compact state (based on its ability to bind
ANS) belonging to a minor population of
molecules folding along a parallel pathway. I0

appears within about 250 ms of refolding and
decays on the 1 s time scale. The origin of this
minor species is not clear at this time. Since a
proline-free variant of SNase also shows evidence
for a parallel folding pathway, Walkenhorst et al.25

tentatively assigned it to a population of molecules
containing non-proline cis peptide bonds. How-
ever, other sources of heterogeneity, such as
alternative chain topologies or side-chain packing
arrangements cannot be ruled out as long as they
give rise to slowly interconverting populations
(,100 ms or longer).

Broader implications

One of the motivations for focusing on the early
stages of folding is to address the critical question
whether the initial conformational events reflect a
specific barrier-limited folding step or a non-
specific collapse of the polypeptide chain. All the
results obtained here are characterized by multi-
exponential kinetics, and quantitative kinetic
modeling shows that the data are fully consistent
with a mechanism involving several partially
structured states separated by kinetic barriers, as
demonstrated for other proteins.12 – 15,17

The earliest folding phase detected here is
especially prominent in the ANS-detected kinetics
of both WTp and Trp76 SNase, but is more difficult
to detect by intrinsic fluorescence (Figure 5). Thus,
as in the case of ACBP,15 detection of some early
folding events relies not only on sufficient tem-
poral resolution, but also the availability of suitable
conformational probes. Fluorescence energy trans-
fer and ANS binding are sensitive to changes in
overall chain dimensions and hydrophobic core
formation, respectively, and are thus especially
useful for characterizing early stages of folding.

With a time constant t ¼ 75 ms, the initial folding
phase of SNase occurs on the same time-scale as
that of cytochrome c (t ¼ 50–90 ms)12,17 and ACBP
(t ¼ 80 ms),15 but is somewhat faster than the early
folding phases reported for Im7 (t ¼ 150 ms14) and
protein G (t ¼ 600 ms13). Considering the fact that
these proteins cover a variety of structural types,
including predominantly a-helical (ACBP, cyto-
chrome c and Im7) and mixed a-b proteins (protein
G and SNase), there appears to be no simple
relationship between the time-scale of early folding
events and secondary structure content. There is
also no apparent correlation between the initial
folding times and protein size, as one might have
expected if the early phase involved a non-specific
polymer collapse. This is dramatically illustrated
by comparing SNase (149 residues; t ¼ 75 ms) with
protein G (57 residues; t ¼ 600 ms), indicating that
specific structural and topological features have
profound effect already during early stages of fold-
ing. One possible scenario is that the 75 ms phase of
SNase detected by Trp76 and ANS fluorescence

Figure 8. Free energy diagrams of WTp (a) and Trp76
SNase (b) showing the effects of urea on the energy levels
and transition states predicted by quantitative analysis of
the folding and unfolding kinetics. The a values indicate
the change in solvent-accessible surface area relative to
N.
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reflects a relatively local structural event involving
parts of the b-barrel, which is composed of anti-
parallel strands while the fluorescence of Trp43 in
protein G may report on a more global confor-
mational change involving the parallel pairing of
C-terminal b-strands. While we do not expect any
correlation between contact order (a metric of topo-
logical complexity) and the rate-limiting folding
step for proteins with multi-state folding kinetics,52

this concept would be applicable to fast folding
steps if native-like chain topology is formed during
these early stages. This conclusion is supported by
the observation that some small proteins (or
isolated domains of larger proteins) can complete
the process of folding on a time-scale comparable
to the early stages of folding for some of the
multi-state proteins mentioned above.53 – 56

Materials and Methods

Chemicals

Urea was ultra-pure grade from ICN. All other
chemicals were reagent grade. Urea concentration was
determined by refractive index measurement57 using a
Reichert-Jung Mark II Abbe refractometer (Leica, Inc.,
New York).

Mutagenesis and protein purification

Expression plasmids containing WTp SNase, four Trp-
free variants (W140H, W140F, W140Y and W140L) and
Trp76 SNase (F76W/W140H), all in the P47G/P117G/
H124L background, were prepared by using a Quik-
Change Site-Directed mutagenesis kit (Stratagene, CA).
WTp and Trp76 SNase were prepared and purified as
described,58 except that the cells were grown on LB
medium, and that BioRex 70 (Bio-Rad, CA) was used as
cation-exchange resin instead of C25 CM-Sephadex.

Thermal unfolding measurements

The thermal unfolding transitions of WTp SNase, four
Trp-free SNase variants (W140H, W140F, W140Y and
W140L) and Trp76 SNase were measured by monitoring
the change in far-UV CD at 222 nm on increasing the
temperature from 15 8C to 80 8C. The data were recorded
in 2 mm quartz cuvettes on an AVIV 62DS spectro-
polarimeter equipped with a thermoelectric sample-
holder. The solutions contained ,10 mM protein, 25 mM
sodium phosphate (pH 7.0), 50 mM NaCl, 0.5 mM
EDTA. Free energies at 20 8C were calculated based on
the Gibbs–Helmholtz equation using a constant value
of DCp ¼ 1:67 kcal mol21 K21.

Equilibrium measurements of CD spectra

The CD spectra of WTp and Trp76 SNase were col-
lected over a range from 190 nm to 250 (far-UV region)
and from 250 nm to 310 nm (near-UV region) at pH 7.0
as well as 2.0 and 15 8C. The data were recorded every
1 nm using 2 mm quartz cuvettes. The protein concen-
trations were 2–10 mM and 50–75 mM for the measure-
ments in the far and near-UV regions, respectively. The

solution contained 20 sodium phosphate (pH 7.0) or
10 mM HCl/phosphoric acid (pH 2.0).

Equilibrium unfolding measurements monitored by
intrinsic tryptophan fluorescence

WTp or Trp76 SNase solutions containing various con-
centrations of urea ranging from 0 M to 7.5 M in steps
of 0.2–0.4 M were prepared in a flow-cell by mixing a
5 mM protein solution in ,100 mM sodium acetate (pH
5.2) with an identical solution containing 8 M urea,
using an OLIS (Jefferson, GA) automatic titration device.
At every urea concentration prepared, the fluorescence
emission spectrum from 300 nm to 450 nm was recorded
on a PTI (South Brunswick, NJ) QM-2000 spectro-
fluorometer, using an excitation wavelength of 288 nm.
Samples were incubated for 5–15 minutes before each
measurement at 15 8C. The global fitting of fluorescence-
detected unfolding transition curves versus wavelength
was carried out by using the global fitting procedure of
the IGOR software package (WaveMetrics, Inc., Lake
Oswego, OR).

Kinetic measurements

For refolding experiments, stock solutions of acid-
unfolded WTp or Trp76 SNase were prepared in 20 mM
phosphoric acid (pH 2.0). The refolding reaction was
initiated by tenfold dilution of the acid-unfolded protein
with refolding buffer containing 100 mM sodium acetate
with appropriate concentrations of urea and ANS (pH
5.3), giving a final pH of 5.2 after mixing. For salt-
induced refolding, the acid-unfolded protein stock
solution was diluted tenfold with a solution containing
20 mM phosphoric acid, 1.1 M KCl with various concen-
trations of ANS (pH 2.0). For the ANS binding reaction
to the A-state, the protein stock solution was diluted ten-
fold with solutions containing appropriate concen-
trations of ANS, 20 mM phosphoric acid and 1.0 M KCl
(pH 2.0). The protein stock solution for unfolding experi-
ments contained 100 mM sodium acetate (pH 5.2).
Unfolding reactions were initiated by diluting the stock
solution with the same buffer containing the appropriate
concentration of urea (pH 5.2). For the refolding and
unfolding reactions measured by Trp fluorescence (in
the absence of ANS), the time-dependent fluorescence
change was monitored with a 324 nm high-pass filter,
exciting Trp fluorescence at 288 nm using a mono-
chromator with a 4 nm band pass. In experiments
involving ANS, the time-dependent ANS fluorescence
change was monitored with a 418 nm high-pass filter
upon excitation at 366 nm. All the experiments were con-
ducted at 15 8C. Continuous-flow measurements were
carried out as described by Shastry et al.11 with a flow
rate of 1.04 ml/s. Stopped-flow measurements were
carried out on a BioLogic (Grenoble, France) SFM-4
instrument. The dead times of continuous-flow and
stopped-flow devices were 100 ms and 2.4 ms, respect-
ively, calibrated by measuring the quenching of NATA
fluorescence by N-bromosuccinimide at several quencher
concentrations.11,59

Kinetic modeling

Standard numeric methods were used to solve the
system of linear differential equations describing a
particular kinetic scheme, using IGOR software to
determine the eigenvalues and eigenvectors of the
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corresponding rate matrix.60 The kinetic parameters were
manually optimized to fit the experimental data. The
ANS concentration dependence of the apparent rate
constants of ANS binding to the A-state of Trp76 SNase
and the pH-induced refolding reaction under native or
A-state conditions were modeled using Schemes 1 and 2
for binding and refolding reactions, respectively. For the
binding reaction, pseudo-first-order conditions were
assumed where the association rate constant ðkonÞ is
linearly dependent on ANS concentration while the
dissociation rate constant ðkoffÞ is ANS concentration-
independent. The microscopic rate constants (kUIacc and
kIaccU) on the refolding reaction were assumed to be
ANS concentration-independent.

Several kinetic schemes were tested for modeling the
measured kinetic and equilibrium data for WTp and
Trp76 SNase folding. The urea concentration dependence
of the microscopic rate constants were assumed to follow
equation (1):

lnðkijÞ ¼ lnðk0
ijÞ þ ðm‡

ij=RTÞ½urea� ð1Þ

where k0
ij is the microscopic rate constant in the absence

of urea and m‡
ij is the corresponding slope.61 The various

sets of the microscopic rate constants and the slope
were explored systematically to model the apparent
rates and amplitudes observed in the kinetic measure-
ments, as well as the equilibrium thermodynamic
parameters measured in the equilibrium unfolding
experiments, based on the associated rate matrix. Free
energy diagrams were calculated from the elementary
rate parameters obtained. The activation energy for
crossing the barriers between states was calculated as
follows:

DG‡
ij ¼ 2RT lnðk0

ij=A0Þ2 m‡
ij½urea� ð2Þ

using an arbitrary value of 1 £ 106 M21 s21 for the pre-
exponential factor, A0:
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