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ABSTRACT: The complex kinetic behavior commonly observed in protein folding studies suggests that a
heterogeneous population of molecules exists in solution and that a number of discrete steps are involved
in the conversion of unfolded molecules to the fully native form. A central issue in protein folding is
whether any of these kinetic events represent conformational steps important for efficient folding rather
than side reactions caused by slow steps such as proline isomerization or misfolding of the polypeptide
chain. In order to address this question, we used stopped-flow fluorescence techniques to characterize
the kinetic mechanism of folding and unfolding for a Pro- variant of SNase in which all six proline
residues were replaced by glycines or alanines. Compared to the wild-type protein, which exhibits a
series of proline-dependent slow folding phases, the folding kinetics of Pro- SNase were much simpler,
which made quantitative kinetic analysis possible. Despite the absence of prolines or other complicating
factors, the folding kinetics still contain several phases and exhibit a complex denaturant dependence.
The GuHCl dependence of the major observable folding phase and a distinct lag in the appearance of the
native state provide clear evidence for an early folding intermediate. The fluorescence of Trp140 in the
R-helical domain is insensitive to the formation of this early intermediate, which is consistent with a
partially folded state with a stableâ-domain and a largely disorderedR-helical region. A second
intermediate is required to model the kinetics of unfolding for the Pro- variant, which shows evidence
for a denaturant-induced change in the rate-limiting unfolding step. With the inclusion of these two
intermediates, we are able to completely model the major phase(s) in both folding and unfolding across
a wide range of denaturant concentrations using a sequential four-state folding mechanism. In order to
model the minor slow phase observed for the Pro- mutant, a six-state scheme containing a parallel pathway
originating from a distinct unfolded state was required. The properties of this alternate unfolded
conformation are consistent with those expected due to the presence of a non-prolyl cis peptide bond. To
test the kinetic model, we used simulations based on the six-state scheme and were able to completely
reproduce the folding kinetics for Pro- SNase across a range of denaturant concentrations.

Many proteins exhibit complex folding kinetics with
multiple steps and a complicated denaturant dependence of
rates and amplitudes. It is well-known that intrinsically slow
conformational steps, such as isomerization of peptide bonds
(Lin & Brandts, 1978; Schmid, 1992; Nall, 1994), disulfide
bond formation or rearrangements (Creighton, 1990; Weiss-
man & Kim, 1992), and metal ligand exchange (Sosnick et
la., 1994; Elöve et al., 1994) can give rise to conformational
heterogeneity and multiple parallel folding (or unfolding)
pathways. While cis-trans isomerization of X-Pro peptide

bonds is the most common source of slow folding events,
cis isomers for non-proline peptide bonds have also been
reported (Odefey et al., 1995; Vanhove et al., 1996; Dodge
& Scheraga, 1996). If such complications can be avoided,
folding is generally more efficient (i.e., a larger fraction of
unfolded chains fold rapidly) and, in some cases, occurs
without detectable intermediates [see, e.g., Jackson and Fersht
(1991), Huang and Oas (1995), and Schindler et al. (1995)].
These observations have led to the generalization that
accumulation of folding intermediates is not necessary for a
protein to fold rapidly or may even slow down formation of
the native structure (Sosnick et al., 1994; Creighton, 1994;
Kiefhaber, 1995a; Fersht, 1995). On the other hand, forma-
tion of compact folding intermediates with high secondary
structure content within the first few milliseconds of refolding
is a common observation, even for some small single-domain
proteins [reviewed in Matthews (1993), Ptitsyn (1995), and
Roder and Colo´n (1997)]. Quantitative kinetic studies on
several small proteins have shown that the effects of solution
conditions or mutational perturbations on the kinetics of
folding are consistent with a sequential folding mechanism
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containing at least one early intermediate in rapid equilibrium
with the unfolded state (Houry et al., 1995; Parker et al.,
1995; Khorasanizadeh et al., 1996). The observation of
native-like structural features in some of these early inter-
mediates or their equilibrium analogues [reviewed in Roder
and Colón (1997)] provides further evidence for their
productive role in folding.
In order to focus on the intrinsic conformational events

in folding without the complications due to slow proline
isomerization steps, we chose for this study a variant of
SNase1 in which all six proline residues had been replaced
by alanine or glycine (Figure 1). SNase also lacks disulfide
bonds or free cysteines, and although binding of a calcium
ion is necessary for nuclease activity, metal binding is not
required for folding (Sugawara et al., 1991). Although SNase
exhibits the cooperative equilibrium unfolding transition
characteristic of single-domain proteins (Shortle, 1996), its
structure can be divided into two subdomains (Figure 1):
an N-terminal domain consisting of five antiparallelâ-strands
folded into a barrel-like structure and a C-terminal domain
containing the threeR-helices of SNase (Loll & Lattman,
1989; Hynes & Fox, 1991). Recent equilibrium studies
showed that, under certain conditions, the two domains can
be decoupled by mutations at the helix-sheet interface (Gittis
et al., 1993; Carra et al., 1994; Carra & Privalov, 1995, 1996)
or deletion of some C-terminal residues (Wang & Shortle,
1995). In these SNase variants, the less stableR-helical
domain unfolds more readily, while theâ-sheet region
remains partly structured. Using pulsed hydrogen exchange
and NMR methods, Jacobs and Fox (1994) detected an early
kinetic intermediate with similar structural characteristics.
The kinetic consequences of amino acid changes at the
periphery of theâ-barrel (Kalnin & Kuwajima, 1995) are
also consistent with the presence of a folding intermediate
containing native-like structure in the N-terminal domain.
SNase was one of the first proteins to be studied by

stopped-flow fluorescence (Anfinsen, 1973) and has con-
tinued to be a model protein for folding and stability studies

[for recent reviews, see Hinck et al. (1996) and Shortle et
al. (1996)]. Many of the previous studies on SNase have
focused on the kinetic effects of proline isomerization. The
Lys116-Pro117 peptide bond of SNase is found predomi-
nately in the cis configuration in the native state (Evans et
al., 1987), and the isomerization of this peptide bond is
strongly coupled to structural events (Alexandrescu et al.,
1990). H124L, a naturally occurring variant of SNase found
in the V8 strain ofStaphylococcus aureus, has enhanced
stability compared to the WT protein isolated from the Foggi
strain (Shortle, 1986; Tuckses et al., 1996). The crystal
structures of the two forms are very similar, except for the
side chain of residue 124, which is solvent accessible in both
variants (Tuckses et al., 1996). The folding and unfolding
kinetics of both the wild-type protein (Chen et al., 1991;
Sugawara et al., 1991; Nakano et al., 1993) and H124L (see
below) are multiphasic and show a complex denaturant
dependence indicating the presence of multiple intermediates
with conformational heterogeneity in both native and dena-
tured states.
How much of this kinetic complexity reflects intrinsic

conformational changes in the folding of SNase, and how
much is due to slow side reactions that may be peripheral to
understanding the mechanism of folding for this protein? We
addressed these issues by comparing the kinetics of folding
and unfolding for wild-type (H124L) SNase with that of the
proline-free variant, using the fluorescence of Trp140 as a
conformational probe. The absence of proline-dependent
slow folding phases in Pro- SNase made it possible to derive
kinetic schemes consistent with the experimental data by
using quantitative kinetic modeling. Despite the absence of
prolines and other complicating factors, the Pro- variant
exhibits multiple folding phases and complex denaturant
dependence, indicative of a mechanism with structural
intermediates both in refolding and unfolding.

EXPERIMENTAL PROCEDURES

Mutagenesis.A proline-free variant of SNase from the
Foggi strain (Pro-) was generated through oligonucleotide-
directed mutagenesis according to the method of Kunkel
(1985) and cloned into the M13 phage vector MF09. Each
Pro codon was replaced by either Ala (GCN) or Gly (GGN)
codons, depending on the stability of the corresponding
single-proline variants measured in earlier denaturation
studies (Green et al., 1992). After transformation into
competent DH5RF′ cells, plaques were picked and the phage
DNA was sequenced. These steps were repeated until all
the proline residues were substituted. The nuclease gene was
then moved into the expression plasmid pL12 which contains
uniqueSpeI andSphI sites (Shortle et al., 1990). To ensure
that no spurious secondary mutation had been introduced,
the entire gene was sequenced. The final protein product
contains the substitutions P11A, P31A, P42A, P47G, P56A,
and P117G.
Purification. H124L nuclease was prepared as described

previously (Wang et al., 1990), except that the cells were
grown in LB medium. The strain containing the Pro- mutant
was grown in LB media at 30°C to minimize plasmid loss.
Upon reaching late log phase, the temperature was raised to
37 °C and protein production induced by the addition of
nalidixic acid (Shortle & Meeker, 1989). The protein was
purified according to Shortle and Meeker (1989), except that
reversed-phase HPLC (10× 250 mm, 5µm Bakerbond C8;

1 Abbreviations: SNase, staphylococcal nuclease; GuHCl, guanidine
hydrochloride; H124L, histidine to leucine substitution at position 124
of wild-type SNase; Pro-, SNase variant (Foggi strain) containing P11A,
P31A, P42A, P47G, P56A, and P117G substitutions; WT, wild-type.

FIGURE 1: Ribbon diagram of WT staphylococcal nuclease, based
on the crystal structure (Hynes & Fox, 1991), oriented to show the
two subdomains and their connecting loops. The side chains of
Trp140 (the sole tryptophan used as a fluorescence probe), the six
proline residues, and His124 are shown explicitly. The fiveâ-strands
are numbered with Roman numerals, and the threeR-helices are
designated H1-H3. The diagram was prepared using the program
Molscript (Kraulis, 1991).
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J. T. Baker, Phillipsburg, NJ) was substituted for the final
chromatographic step. The final purity was better than 95%
by HPLC using a linear gradient of acetonitrile in water (15%
to 60% acetonitrile; 0.1% TFA). Amino acid composition
was confirmed by amino acid analysis (PICO‚TAG method;
Waters Company, Milford, MA).

Fluorescence-Detected Stopped-Flow Kinetics.The ki-
netic experiments on the Pro- variant were performed on a
Bio-Logic SFM-4/QS stopped-flow instrument (Molecular
Kinetics, Pullman, WA), as described previously (Colo´n et
al., 1996), except that an excitation wavelength of 286 nm
was used. The kinetic experiments on H124L were per-
formed on a PQ/SF-53 stopped-flow instrument (Hi-Tech
Scientific, Salisbury, England), as described in an earlier
paper (Elo¨ve et al., 1994). The dead times of mixing were
1.5 ms (Bio-Logic) and 2.4 ms (Hi-Tech). On both instru-
ments, the fluorescence changes from 64µs to∼60 s were
recorded in a single kinetic trace, using logarithmic averaging
with a sampling time of 49µs (Khorasanizadeh et al., 1996).
A typical 60 s time trace was measured with about 200 000
data points, but displayed and fit as∼100 logarithmically
averaged points. The data at each GuHCl concentration were
typically the average of three to five traces.

The kinetics of refolding was measured at 15°C following
6-fold dilution of an acid-denatured solution of SNase (20
mM phosphate, pH 2.2), into various final GuHCl concentra-
tions (from 0 to about 1.2 M) at pH 5.3 in 100 mM sodium
acetate. Final protein concentrations were 10µM. The
kinetics of unfolding was measured by 6-fold dilution of
native SNase (100 mM sodium acetate, pH 5.3) into
concentrations of GuHCl within or above the unfolding
transition.

The amplitudes of the unresolved process occurring in the
dead time (burst phase) and of the observable kinetic phases
were normalized with respect to the total fluorescence
changes expected at each final GuHCl concentration, as
described in Colo´n et al. (1996). The data from different
experiments were normalized with respect to the signal of
the unfolded protein in 2.4 M GuHCl. The equilibrium
denaturation curve for the Pro- mutant was reconstructed
from the baseline amplitudes of the kinetic experiments at
long refolding and unfolding times. The kinetic data were
fit as a sum of two or three exponentials, using Sigma Plot
for Windows 2.0 (Jandel Scientific, San Rafael, CA). The
fitting errors for the rates and amplitudes were less than 10%
unless otherwise indicated by error bars (cf. Figure 4).

Kinetic Modeling. A variety of kinetic schemes were
tested for compatibility with the experimental rate and
amplitude data for the Pro- mutant. A program written in
the ASYST programming language (Keithly Metrobyte,
Rochester, NY) was used to calculate the observable rate
constants and the corresponding amplitudes as described in
Khorasanizadeh et al. (1996). For each scheme, the micro-
scopic rate constants and their dependence on denaturant
concentration, and the relative fluorescence values of each
species were used as input to calculate the eigenvalues and
eigenvectors for the associated rate matrix. The logarithm
of each rate constant,kij, was assumed to depend linearly
on denaturant concentration,C, according to

wherekij° is the rate constant in the absence of denaturant
andmq

ij/RT is the corresponding slope (Tanford, 1970). The
results are described below for a sequential four-state scheme

FIGURE 2: Denaturant dependence of the folding and unfolding rates and amplitudes for H124L SNase (A) and the Pro- variant (B) as
detected by stopped-flow fluorescence. The top panel in each case shows the GuHCl dependence of the rates for both the unfolding
phase(s) (solid symbols) and refolding phases (open symbols). The bottom panels show the corresponding GuHCl dependence of the relative
amplitudes for each phase in folding and unfolding. The lag phase is represented by triangles, the major phase by circles, the intermediate
phase by inverted triangles, and the slow phase (for H124L) by squares. The missing amplitude at each GuHCl concentration is indicated
by open diamonds.

ln kij ) ln kij° + (mq
ij/RT)C (1)
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(see Scheme 1) and an expanded six-state scheme containing
a parallel pathway (see Scheme 2). In both schemes, the
rates and amplitudes of the lag phase and of the major phase
in folding and unfolding were modeled while neglecting a
minor burst phase. To accomplish this, the fractional
amplitudes for each observable phase,Ai, were renormalized
such that the sum of allAi plus the fraction unfolded,fu, is

equal to 1. In modeling the data with the four-state scheme,
the amplitudesA2 andA3 were combined to obtain a comp-
osite amplitude (see Figure 4A). For the six-state scheme,
all observable phases were modeled explicitly (Figure 4B).

Time-Trace Simulations.The time courses at several
GuHCl concentrations were predicted by kinetic simulation
using the parameters from the six-state model. The raw
fluorescence data were normalized to a value of 1.0 for the
native state, and the initial fluorescence of the unfolded state
was varied in the simulations to account for the proper
amount of burst phase (missing amplitude) at each GuHCl
concentration.

Free Energy Diagrams.Free energy diagrams were
calculated using the kinetic parameters based on Scheme 1
(see Table 2). The activation energy required to cross the
barrier between each state was calculated as follows:

The Arrhenius preexponential factor (Ao) was arbitrarily
chosen to be 1× 109 M-1 s-1 for these calculations.

RESULTS

Denaturant Dependence of the Folding Kinetics of H124L
SNase.The folding kinetics of H124L SNase and the Pro-

mutant were monitored using tryptophan fluorescence as a
probe of conformational changes. The fluorescence of
Trp140 (Figure 1) is partially quenched in the denatured state,
presumably by interacting with the side chain of Lys134
(Royer et al., 1993), and a large increase in fluorescence
(4-8-fold increase in quantum yield) is observed upon
refolding (Anfinsen et al., 1972; Shortle, 1986). The

FIGURE 3: Multiexponential fits to the time course of refolding
measured by stopped-flow fluorescence for Pro- SNase at 0 M
GuHCl. The solid line in the main panel shows the triexponential
fit to the data, using nonlinear least-squares analysis (Sigma-Plot).
In the panel above, the corresponding residuals (dotted line) are
compared with those for a biexponential fit (dashed line), indicating
that inclusion of a lag phase substantially improves the fit.

FIGURE 4: (A) Four-state kinetic analysis, based on Scheme 1, of the major kinetic phases in folding and unfolding for Pro- SNase. The
upper panel shows the unfolding rates (squares) and folding rates for the main phase (circles) and the lag phase (triangles) as a function of
GuHCl concentration; the bottom panel shows the corresponding relative amplitudes. The equilibrium denaturation curve derived from the
kinetic baseline amplitudes is plotted in the lower panel (diamonds). Thick solid lines represent the predicted rates of folding and unfolding
(λ2, top) and the corresponding amplitudes (A2, bottom) based on the four-state scheme. Dashed lines (- - -) indicate the predicted rates (λ1)
and amplitudes (A1) of the lag phase associated with the formation of the first intermediate. The predicted equilibrium unfolding curve (Aeq)
is represented by a thin solid line in the lower panel. Thin dotted lines indicate the microscopic rate constants,kij, used in the modeling
(Table 2). (B) Six-state kinetic analysis, based on Scheme 2, of all phases in folding and unfolding, using the modeling parameters in Table
2. Symbols are identical to those in the four-state model except that the observed (inverted triangles) and predicted rates and amplitudes
(- - -) for the minor third phase (λ3) are included in addition to the lag phase (thin dashed lines) and main phase (solid lines).

∆Gq
ij ) -RTln(kij°/Ao) - mq

ij[GuHCl] (2)
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denaturant dependence of the unfolding and refolding kinetics
of SNase and its mutant(s) was investigated by collecting
stopped-flow fluorescence data in the presence of various
concentrations of GuHCl. In Figure 2, the rates of folding
and unfolding for H124L (Figure 2A) and the Pro- mutant
(Figure 2B) are plotted on a logarithmic scaleVs GuHCl
concentration (upper panel), and the corresponding normal-
ized amplitudes are plotted in the lower panel. The unfolding
phases are represented by solid symbols and refolding phases
by open symbols.
Four kinetic phases were detected in the refolding and two

in the unfolding of H124L by stopped-flow fluorescence in
the experimentally accessible time range between 2.4 ms and
600 s. The rates and amplitudes for the refolding phases,
measured in the absence of denaturant, are listed in Table 1.
Phases 2-4 exhibit rather typical behavior in that all three
phases have positive amplitudes (A2-A4) and that the
apparent rate constant of each phase (λ2-λ4) decreases
monotonically with increasing denaturant concentration
(Figure 2A). The rate of the fast phase (λ2) is about 6 s-1

in the absence of denaturant and decreases by more than an
order of magnitude as the concentration of GuHCl is
increased to values near the midpoint of the unfolding
transition (Cm). At low concentrations of denaturant, the plot
of log(λ2) Vs GuHCl concentration levels off, indicating
accumulation of an intermediate under stabilizing conditions
(Matouschek et al., 1990; Khorasanizadeh et al., 1996). By
contrast, in proteins for which the two-state approximation
holds, log(λ) increases linearly with decreasing denaturant
concentration [e.g., Jackson and Fersht (1991)]. The fast
phase (phase 2, open circles) is the dominant observable
process below 0.8 M GuHCl, while phase 4 is the dominant
process nearCm. The denaturant dependence of the inter-
mediate phase rate (phase 3, inverted triangles) parallels that
of the fast phase. Its rate is about 1 s-1 at 0 M GuHCl and
decreases with increasing denaturant. The corresponding
amplitude (A3) accounts for about 20% of the total fluores-

cence change upon folding. The slow phase detected by
stopped-flow fluorescence (phase 4) with a rate of about
0.025 s-1 at 0 M GuHCl is relatively insensitive to addition
of denaturant, which is often diagnostic for a step involving
proline isomerization (Kiefhaber et al., 1992). The small
increase in the rate of phase 4 near 0.8 M GuHCl (open
squares) is due to a fitting artifact as the number of
exponentials used to fit the data drops from three to two.
The amplitude of this slow process,A4, is small at low
concentrations of denaturant, but increases with additional
GuHCl to makeA4 the major phase in the transition region.
This is typically observed as proline isomerization becomes
coupled to conformational events (Kiefhaber et al., 1992).

ObserVation of a Lag Phase in Refolding.H124L shows
an apparent lag in the refolding kinetics at low GuHCl
concentrations, which requires the use of an additional
exponential term to completely fit the data (see Figure 3).
This term gives rise to the fastest observable process (phase
1) in the refolding of H124L (Figure 2A). The rates and
amplitudes of this phase (open triangles) exhibit different
behavior than those of the other phases discussed above. The
apparent rate constant (λ1) is initially about 40 s-1 but
increaseswith increasing denaturant concentration to a rate
of about 60 s-1 at 0.4 M GuHCl. The lag phase is also
unusual in that it has a negative amplitude (A1). Although
A1 accounts for less than 10% of the total amplitude, the
residuals in Figure 3 (data for Pro- mutant) show that
inclusion of this lag phase substantially improves the quality
of the fit. A1 decreases with increasing GuHCl before
becoming negligible at about 0.4 M GuHCl. This behavior
is consistent with the transient accumulation of an intermedi-
ate that is not directly detected (because its fluorescence is
indistinguishable from the initial unfolded state), but results
in delayed formation of the folded state.

Burst Phase. In addition to the observable phases
described above, H124L exhibits a small burst phase in
refolding at concentrations of GuHCl below theCm (open
diamonds in Figure 2A), indicating that an unresolved
process occurs during the dead time of mixing. This
“missing amplitude” (A0 in Table 1) reaches a maximum of
about 15% of the total amplitude during refolding in the
absence of denaturant and decreases steadily with increasing
GuHCl until it becomes negligible at about 0.8 M GuHCl.
No attempt was made in our modeling (see below) to account
for this small burst phase.

Unfolding Kinetics.Several groups have reported that the
unfolding kinetics of SNase are biphasic under most condi-
tions (Sugawara et al., 1991; Chen et al., 1991). This
behavior can be attributed to the presence of two distinct
populations of native-like molecules that differ mainly by
cis-trans isomerism about the Lys116-Pro117 peptide bond.
When Pro117 is mutated, the unfolding kinetics of SNase
becomes monophasic (Kuwajima et al., 1991; Nakano et al.,
1993). The more stable cis form (filled squares in Figure
2A) predominates and unfolds more slowly than does the

Table 1: Comparison of the SNase Refolding Kinetics with and without Prolinesa

λ0 (s-1) A0 λ1 (s-1) A1 λ2 (s-1) A2 λ3 (s-1) A3 λ4 (s-1) A4

H124L >1000b 0.15( 0.03c 38( 9 -0.07( 0.01 6.2( 0.3 0.53( 0.01 0.93( 0.07 0.22( 0.01 0.025( 0.001 0.17( 0.003
Pro- >1000 0.15( 0.02 99( 15 -0.08( 0.01 7.8( 0.4 0.69( 0.03 2.3( 0.2 0.24( 0.03 nad na

aRate constants and normalized amplitudes of the kinetic phases observed in fluorescence-detected stopped-flow refolding experiments at 15°C.
Refolding conditions: 0.1 M sodium acetate buffer, pH 5.3 (no denaturant).b Estimate for rate of the burst phase process which occurs during the
dead-time of mixing.c Error estimates from nonlinear least-squares fitting (1 standard deviation).dNot applicable.

Table 2: Kinetic Modeling Parametersa

kij
rate constant

(s-1)c
mq

ij

(kcal mol-1 M-1)d

kUI 100 0
kIU 12 3.5
kIM 9.7 0
kMIb 15 1.4
kMNb 1000 0
kNM 1 0.3
kUU′ 0.025 0
kU′U 0.1 0
kU′I′ 100 0
kI′U′ 12 3.0
kI′M 2.5 0
kMI ′ 1 1.4

a The relative fluorescence yields used in the simulations are 1 for
U, U′, I, and I′, 0.1 for M, and 0 for N.bOnly the ratiokMN/kMI is
uniquely determined (see text).cRate constant for a given process in
the absence of GuHCl.d Kinetic m-values according to eq 1.
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minor trans form (filled circles). For both unfolding phases,
the log(λi) Vs [GuHCl] plot shows a regime with a steep slope
in the transition region and a shallower denaturant depen-
dence above 2 M GuHCl.
Effect of Proline 117 Substitutions on Slow Phases in

Refolding. A slower phase in refolding (k5≈ 0.002 s-1 at 4
°C, data not shown) is observable by fluorescence only when
using manual mixing. This phase has been previously
attributed to trans-cis isomerization of the Lys116-Pro117
peptide bond (Kuwajima et al., 1991; Nakano et al., 1993).
In related studies, however, we observed that the P117G
substitution (in an H124L background) causes the amplitudes
of both of the two slowest phases (A4 andA5) to decrease
by a factor of 2 (rather than disappear entirely), while the
rateλ4 (∼0.025 s-1 at 15°C) is accelerated approximately
4-fold (W. F. Walkenhorst, unpublished data). The double
proline mutations, P117G/P47G and P117G/P42G, had a
similar effect, with that containing the P47G substitution
causing the largest increase inλ4 [unpublished data; see also
Hinck et al. (1996)].
Effect of Global Substitution of Prolines on Stability and

Complexity of Folding.Preliminary studies indicated that
the Pro- mutant is about 0.4 kcal/mol more stable than the
WT protein (Green et al., 1992). Our present results confirm
that the Pro- mutant is more stable to denaturation by GuHCl
(Cm) 0.98 M;m) 6.1 kcal mol-1 M-1) than the WT protein
(Cm ) 0.82 M,m ) 6.85 kcal mol-1 M-1; Shortle, 1986),
although it is still less stable than H124L (Cm ) 1.08 M;m
) 6.4 kcal mol-1 M-1; Shortle, 1986). In general, Pro to
Gly substitutions are expected to destabilize the protein by
increasing the entropy of the unfolded state (Herning et al.,
1992). In SNase, however, the P117G substitution has been
found to be energetically favorable due either to a gain in
favorable interactions or to a reduction in strain (Hodel et
al., 1993; Hinck et al., 1993; Hinck et al., 1996).
Although only small effects on stability and on some of

the kinetic rate constants (Table 1) are observed, elimination
of all proline residues results in much simpler kinetic
behavior (Figure 2B). In particular, the two slowest refolding
phases (phases 4 and 5) and the slower of the two unfolding
phases are no longer observed. Nevertheless, the fact that
the Pro- mutant retains two phases in refolding and exhibits
curved rate profiles, both at low GuHCl and at high GuHCl,
shows that the kinetics cannot be described by a simple two-
state mechanism. At low concentrations of denaturant, the
Pro- mutant also exhibits an apparent lag phase (phase 1)
similar to that observed for H124L.
QuantitatiVe Kinetic Modeling. In order to simplify the

analysis, the initial modeling considered only the major
refolding phase together with the single phase in unfolding
(λ2) and the apparent lag phase (λ1, see Figure 4A). We
found that the minimal scheme able to reproduce both the
rate (λ1, λ2) and amplitude data (A1, A2) contains at least
four states. The kinetic behavior of the primary phase
depicted in Figure 4A is consistent with a sequential
mechanism containing at least one intermediate in refolding,
necessary to account for the curvature at low denaturant
concentrations, and an unfolding intermediate responsible for
the curvature at high denaturant concentrations (Scheme 1).
The incorporation of the lag phase into the analysis allows
limits to be placed on some of the microscopic rate constants
in the sequential four-state scheme described below.
The model assumes four thermodynamically distinct states

interconverting according to the following mechanism:

where U represents the ensemble of fully unfolded confor-
mations, I and M represent dynamic ensembles of partially
folded intermediate states, and N represents the native state.
For modeling purposes, U and N were assigned relative
fluorescence values of 1.0 and 0.0, respectively (the actual
fluorescence of Trp140 in SNase is partially quenched in
the unfolded state and has a much higher yield in the native
state). We assigned the first intermediate, I, a relative
fluorescence value of 1.0, identical to that of U, while the
unfolding intermediate M was assigned a fluorescence value
of 0.1 (this choice turned out to be irrelevant, since M is
always poorly populated). The model is further characterized
by six microscopic rate constants (kij°) and their denaturant
dependence (mq

ij; see eq 2), which are listed in Table 2 and
plotted as a function of GuHCl in Figure 4A (dotted lines).
To reproduce the curvature in the logarithm of the rate for
the main folding phase at low concentrations of GuHCl, it
was necessary to set the equilibrium constant between U and
I (KUI ) kUI/kIU) to a value of about 8, favoring the
accumulation ofI. Since our fastest measurable process (lag
phase) has a rate,λ1, of about 100 s-1 (excluding any
processes occurring in the dead time), we chose values for
kUI and kIU of 100 and 12 s-1, respectively, such that the
curvature in refolding and the initial value ofλ1 are satisfied
simultaneously. The negative amplitude (A1) associated with
the lag phase can be modeled by assigning U and I identical
or nearly identical relative fluorescence values. The mag-
nitude ofA1 is governed by the ratiokIU/kIM. As this ratio
decreases in magnitude and becomes less than 1,A1 becomes
progressively more negative.
While the general solution of a four-state scheme is

complex and was determined numerically, it is instructive
to consider the following approximation for the major
observable folding/unfolding rate,λ2 ) kf + ku [cf. Sauder
et al. (1996)]:

which is valid as long as the kinetic barrier between I and
M is much larger than the barriers separating U from I and
N from M, respectively (see Figure 6). These expressions
can be further simplified in the following limiting cases. At
low denaturant concentrations (<0.6 M GuHCl), wherekUI
. kIU, I is well-populated in the pre-equilibrium between U
and I (KUI > 1), and the observed rate of folding approaches
the microscopic rate constantkIM (∼10 s-1 at 0 M GuHCl).
At higher denaturant concentration, but still below theCm,
under conditions wherekIU . kUI, the observed rate is given
by the productKUIkIM, whereKUI is the equilibrium constant
for formation of I (KUI ) kUI/kIU). In this limit, the plot of
log(λ2) Vs [GuHCl] is linear with a negative slope dominated
by the denaturant dependence of the If U transition (mq

app

) mq
UI - mq

IU + mq
IM ≈ -mq

IU). NearCm, the intermediate
is highly destabilized and its population is low (KUI , 1),
resulting in a greatly reduced rate of folding.

Scheme 1

U y\z
kUI

kIU
I y\z

kIM

kMI
M y\z

kMN

kNM
N

kf )
kUI

kUI + kIU
kIM (3)

ku )
kMI

kMI + kMN
kNM (4)
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The change in slope in the denaturant dependence of the
unfolding rate observed between 2 and 3 M GuHCl (Figure
4A) is attributed to a change in the rate-determining barrier
encountered in unfolding. The rate constant with the most
pronounced denaturant dependence iskMI, which represents
the main conformational unfolding event. In the transition
region, but still aboveCm, kMI , kMN, and the rate of
unfolding (eq 4) can be written asku ) KNMkMI, whereKNM

, 1 and only weakly dependent on denaturant concentration.
At high denaturant concentrations (>3 M GuHCl), kMI .
kMN, and the observed rate of unfolding is given byku )
kNM. Since the corresponding slope,mq

NM, is smaller than
that of the main unfolding step,mq

MI (Table 2), this gives
rise to a pronounced kink in the rate profile near 2.5 M
GuHCl (Figure 4A).
Thus, eqs 3 and 4 qualitatively describe the denaturant

dependence of the main observable kinetic process, including

the curvature in the log(λ2) VsGuHCl plot observed both at
low and high denaturant concentrations (Figure 4A). In
contrast to other proteins [reviewed in Roder and Colo´n
(1997)], the observation of a lag phase allows us to determine
not only the pre-equilibrium constant,KUI, but also the
individual rate constants,kUI and kIU. However, the rates
given in Table 2 forkMI andkMN are not uniquely determined
by the observed rates and amplitudes (Figure 4), since we
observed no faster unfolding process to provide additional
constraints. WhilekNM is directly determined by the
observed unfolding rate in the high-GuHCl limit, eq 4 shows
that only the ratiokMI/kMN (partitioning constant) is uniquely
determined by the kinetic behavior in the transition region,
as long askMN remains the fastest forward rate (kMN > kUI).
Six-State Parallel Scheme.The minor phase in refolding

observed for the Pro- mutant (λ3, Figure 4B) requires
inclusion of additional states in the analysis. Extensive
modeling showed that the simplest scheme able to account
for the data contains a parallel pathway with at least one
structural intermediate originating from a distinct unfolded
population (Scheme 2). The additional kinetic parameters
needed for the six-state model are listed in the bottom half
of Table 2. All other parameters are identical to those in
the four-state model. To properly distribute the amplitudes
betweenλ2 and λ3, an equilibrium was modeled in the
unfolded state between U and U′ with an equilibrium constant
(KUU′ ) kUU′/kU′U) of approximately 0.25. The rates for these
steps were assumed to be denaturant independent as would
be the case for two states with a similar degree of exposed
hydrophobic surface area. The rates of interconversion
between U and U′ must be relatively slow in comparison to
later folding steps in order to produce a satisfactory fit of
the amplitude data throughout the range of denaturant
concentrations, with upper limits of 0.1 and 0.025 s-1 (Table
2). The equilibrium between U′ and I′, as well as the rate
constants defining this equilibrium, were assigned values
identical to those of the corresponding Uh I equilibrium,
reflecting the population of an intermediate with properties
similar to I. To avoid possible complications in modeling
the unfolding kinetics, we chose to connect I′ to M instead
of to N, thus allowing us to retain the important features
already established in the four-state model. The rate constant
for the conversion of I′ to M (kI′M) gives rise to the limiting
refolding rate forλ3 of about 2.5 s-1 observed in the absence
of denaturant. As in the case of the four-state model, the
partitioning of M in a constant ratio (kMI ′/kMN ) 0.001)
between N and I′ is required to fit the data. A lower limit
of about 0.2 s-1 can be placed onkMI ′ as long askMN andkMI
are decreased proportionally.
As a final test of our kinetic model (Scheme 2), we

simulated the time courses for refolding of SNase at various
concentrations of denaturant. The fluorescence data for
refolding at a number of GuHCl concentrations are plotted
in Figure 5 along with a family of time traces calculated on
the basis of Scheme 2, using a single set of kinetic parameters

FIGURE 5: Global analysis of the kinetics of refolding for Pro-

SNase as a function of denaturant concentration. The symbols
indicate the fluorescence changes observed in a series of stopped-
flow measurements at final GuHCl concentrations of 0 M (open
circles), 0.39 M (filled circles), 0.6 M (open squares), 0.78 M (filled
squares), 0.94 M (open triangles), and 1.13 M (filled triangles).
The corresponding time courses predicted by kinetic simulation,
using Scheme 2 and the parameters in Table 2, are plotted as solid
lines. The raw fluorescence data (measured under identical instru-
mental conditions) were normalized such that the native state has
a value of 1.0. Note that the whole family of curves was calculated
using a single set of rate constants and relative fluorescence values
for the native state and intermediates (minor adjustments in the
fluorescence of the unfolded state were necessary to account for
the dependence of initial values on GuHCl concentration).

FIGURE 6: Free energy diagrams showing the effect of GuHCl on
the energy levels and transition states predicted by quantitative
analysis of the folding/unfolding kinetics for Pro- SNase, based
on the four-state mechanism (Scheme 1). The native state was
assigned a free energy of 0 kcal/mol. The activation energies were
calculated according to eq 2, using the appropriate modeling
parameters from Table 2.

Scheme 2
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(global analysis). Starting with the kinetic parameters
derived from empirically fitted rate and amplitude dataVs
GuHCl concentration (Figure 4B), only minor adjustments
in a few rate constants were sufficient to simultaneously
reproduce the kinetic traces for refolding (Figure 5) and
unfolding experiments (data not shown) at all GuHCl
concentrations measured. The final parameters for the
simulations are those listed in Table 2 (and Figure 4B),
except thatkUI and kIU were lowered to 80 and 9.6 s-1,
respectively, to give a better fit for the lag phase observed
at the beginning of the time traces. This global analysis
procedure provides a rigorous test of the kinetic model by
directly comparing its predictions with the raw data. Another
advantage over the previous two-step procedure is that it
avoids the sometimes difficult choice of the number of
exponential terms to be used in fitting individual kinetic
traces.

DISCUSSION

Early Folding EVents. A small burst phase indicative of
unresolved folding events occurring during the dead time of
mixing has been observed previously by both fluorescence
and CD for SNase and some of its mutants (Sugawara et
al., 1991; Chen & Tsong, 1994; Kalnin & Kuwajima, 1995).
Although the amplitude for this process is small, this may
be more a reflection of the particular probes of secondary
structure used. In SNase, Trp140 is positioned near the
C-terminus at the periphery of theR-helical domain (Figure
1) and thus is not a good probe for conformational changes
in theâ-sheet region of the protein. Likewise, the CD signal
at 222 nm primarily reports on theR-helical portion of the
protein and is rather insensitive toâ-sheet formation.
Because of its small amplitude, we chose not to model the
burst phase process at this time. However, the amide
protection results of Jacobs and Fox (1994) clearly indicate
the rapid formation (within 10 ms) of an intermediate
containing hydrogen-bonded structure in parts of theâ-sheet,
which apparently escapes detection by tryptophan fluores-
cence or CD at 222 nm. Thus, we expect that introduction
of a tryptophan residue into theâ-sheet by mutagenesis
methods should result in a much larger burst phase signal
[cf. Gittis et al. (1993)].

A lag phase or induction period can sometimes be
observed kinetically in the early stages of a reaction [e.g.,
Benson (1952]. During the induction period the concentra-
tion of intermediates increases before substantial accumula-
tion of product occurs. In protein folding, an initial lag phase
reflecting a delay in the appearance of the native state can
be observed if the steps in a sequential mechanism have
similar rate constants and if the intermediates are spectro-
scopically indistingushable from the initial state. Observation
of a lag phase can thus provide evidence for an intermediate
even if it lacks a specific spectroscopic signature. However,
a lag phase cannot be resolved if intermediates are formed
during the experimental dead time, or it can be obscured by
the signal change associated with the formation of early
intermediates (Kiefhaber, 1995b). In our investigation of
SNase, we found that the fastest observable process (λ1) has
the properties expected for a lag phase, including the sign
of its amplitude (A1), which is opposite to that of the main
folding phase (Figure 4). An induction period with an
apparent time constant of 40-200 ms was observed not only
for the Pro- variant (Figure 3) but also for H124L SNase

(Figure 2) and several other mutant forms studied (unpub-
lished results). The lag is most pronounced in the absence
of denaturant where the intermediate I is well populated, but
a lag is no longer observed when I is destabilized by addition
of GuHCl. In order to reproduce this phase in the simula-
tions, it was necessary to set the rate constants that govern
the partitioning of I between U and M (kIU and kIM) to
comparable values and also to assign U and I the same
relative fluorescence value (see Experimental Procedures).
Thus, the results provide clear evidence for the presence of
an intermediate on the 10-100 ms time scale despite the
fact that the Uf I transition does not give rise to a change
in fluorescence.

Our mechanism with a well-populated folding intermediate
is further confirmed by the dependence of the major folding
phaseλ2 on denaturant concentration (Figure 4). As in
previous studies on ubiquitin and cytochromec2 (Khorasani-
zadeh et al., 1996; Sauder et al., 1996), the logarithm of the
folding rate levels off at low denaturant concentrations,
indicating that a denaturant-insensitive process becomes rate-
limiting (Figure 4A). In the present four-state model, this
process corresponds to the formation of a second intermedi-
ate, M, from which the native state is formed rapidly. M
has no effect on the kinetics of refolding, but is necessary
to model the denaturant dependence of the rate of unfolding
(see below). In a recent stopped-flow CD study on WT
SNase (Foggi strain), Su et al. (1996) observed a similar
curvature in the logarithm of the main folding rate as a
function of GuHCl concentration, but no explanation was
offered for this phenomenon. Our kinetic analysis shows
that a sequential folding mechanism with an obligatory
intermediate (Scheme 1) is fully consistent with the kinetic
data, including both the variation of rates with denaturant
concentration (Figure 4) and the apparent lag in individual
kinetic traces (Figures 3 and 5).

Physical Properties of I.The major folding intermediate
I is well-populated during refolding at low denaturant
concentrations. In contrast to many other small proteins
[reviewed in Roder and Colo´n (1997)] where burst interme-
diates are formed during the experimental dead time, the
major folding intermediate of SNase is formed on an
observable time scale (∼10 ms). While previous hydrogen
exchange labeling (Jacobs & Fox, 1994) and stopped-flow
CD (Kalnin & Kuwajima, 1995) studies found evidence for
a burst phase in SNase folding, their dead times were too
long (5 and 10 ms, respectively) to resolve the formation of
this intermediate. However, some of the amide protection
data presented by Jacobs and Fox (1994) show a systematic
increase in protection at the earliest times measured, con-
sistent with a 10 ms process preceding the main folding
phase. The lack of a significant fluorescence change
associated with the Uf I transition is explained by the
position of Trp140 at the C-terminus of the protein, far from
theâ-sheet domain. This is corroborated by evidence from
thermodynamic studies showing that fluorescence is not as
sensitive to changes in this region as other methods, such as
calorimetry, which reveal the presence of an equilibrium
intermediate under certain conditions (Carra et al., 1994;
Carra & Privalov, 1995). In fact, Gittis et al. (1993)
previously observed a biphasic equilibrium transition indica-
tive of a three-state mechanism for the V66W variant, which
contains a second fluorescence probe at the interface between
R-helix H1 and theâ-barrel (Figure 1). In our four-state
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kinetic mechanism, M is not populated, and therefore would
not be expected to give rise to an additional equilibrium
transition.
The effect of denaturant concentration on individual rate

constants (Table 2) provides qualitative information on the
average change in solvent-exposed surface area associated
with each transition (Tanford, 1970; Chen et al., 1992a). In
particular, the fraction of buried surface area in I relative to
U, RIU, is given by (mq

IU - mq
UI)/meq, wheremeq is the overall

mvalue obtained from the modeled equilibrium data (Figure
4A; meq) 5.2 kcal mol-1 M-1). The value obtained,RIU )
0.67, using them values from Table 2, indicates that I
represents an ensemble of relatively compact states with
about 2/3 as much solvent-excluded surface area as the native
state. In contrast, the change in solvent exposure associated
with the next step, If M, appears to be much smaller
(although the slope ofkIM is not precisely determined by
the data in Figure 4, it is clear that the magnitude ofmq

IM is
much smaller thanmq

IU, which determines the slope of the
folding rate profile in the transition region). Thus, the main
transition state for folding is comparable to I in terms of
solvent-accessible surface area, which is a characteristic
property of early intermediates in a number of proteins
[summarized in Roder and Colo´n (1997)].
Minor Folding Phases.Our kinetic results on H124L

SNase (Figure 2A) are largely consistent with several earlier
studies on WT SNase (Foggi strain), which detected one or
two folding phases with time constants slower than 10 s,
using far-UV CD (Sugawara et al., 1991), Trp140 fluores-
cence (Chen et al., 1991; Su et al., 1996), or size-exclusion
chromatography (Shalongo et al., 1992). The slowest process
with a denaturant-independent time constant of 500-800 s
(depending on temperature) was no longer observed for
SNase variants lacking Pro117 (Kuwajima et al., 1991;
Nakano et al., 1993), indicating that it is due to isomerization
about the Lys116-Pro117 peptide bond, which is predomi-
nantly cis under stabilizing conditions (Evans et al., 1987).
The second-slowest phase, however, remained. In contrast,
the folding kinetics of the Pro- variant (Figure 2B) show no
sign of any fluorescence-detected folding events slower than
a few seconds. Thus, the minor folding phase in H124L
SNase with a time constant of about 40 s in the absence of
denaturant (open squares in Figure 2A) can be attributed to
a population of denatured molecules containing non-native
isomers for at least one of the remaining five prolyl peptide
bonds, other than Pro117.
If proline isomerization were the only source of kinetic

complexity, one would expect the folding kinetics of the Pro-

variant to be monophasic. However, a satisfactory fit of the
kinetic traces at low GuHCl concentration requires three
exponential phases (Figure 4B), including a minor process
(λ3) with a time constant of about 0.5 s and a relative
amplitude of about 20%, in addition to the lag phase (λ1)
and the main phase (λ2). The corresponding process in
H124L (Figure 2A) has a 2-fold slower rate, and its
denaturant dependence parallels that of the main folding
phase. Despite the small amplitude ofλ3, a process in the 1
s time range has been consistently observed, by both
fluorescence and CD, for several SNase variants under
various solution conditions (Schechter et al., 1970; Sugawara
et al., 1991; Chen et al., 1991; Su et al., 1996).
Quantitative kinetic analysis of the data for the Pro- variant

(Figure 4B) showed that the minor phase can be attributed
to a distinct population of unfolded molecules giving rise to

a parallel pathway (Scheme 2). The most likely origin of
this heterogeneity is the presence of a cis peptide bond at
one or several non-proline residues, which has been shown
to be responsible for slow folding events in other proteins
(Mayr et al., 1994b; Odefey et al., 1995; Vanhove et al.,
1996). Odefey et al. (1995) found that a cis peptide bond
preceding Pro39 in the native structure of ribonuclease T1

persisted after mutation of Pro39 to Ala. Isomerization of
this cis peptide bond to the energetically much more
favorable trans form after unfolding (in 6 M GuHCl, pH 1.6
at 25 °C) showed a time constant of 730 ms, whereas the
inverse process, trans-cis isomerization, is a much slower
process (∼500 s) that limits the rate of refolding. The large
difference between the two rate constants is consistent with
theoretical estimates and model compound data indicating
that the trans form is favored by 2-3 orders of magnitude
(Jorgensen & Gao, 1988; Perrin & Dwyer, 1990). In a
protein like SNase that does not contain non-prolyl cis
peptide bonds in the native state (Loll & Lattman, 1989;
Hynes & Fox, 1991), even in the presence of a Prof Gly
substitution at position 117 (Hynes et al., 1994), a small
population of molecules may nevertheless acquire cis isomers
at any of the non-proline residues in the denatured state.
While these are not likely to give rise to prominent slow
folding phases, the rate of the cis-trans transition, 1.4 s-1,
reported by Odefey et al. (1995) is similar to the kI’M value
of 2.5 s-1 that we found for Pro- SNase (Table 2). Thus,
we tentatively assign the state U′ and I′ in Scheme 2 to a
minor (∼20%) population of unfolded and compact forms
containing at least one cis peptide bond whose conversion
into the native trans form limits the rate of folding along
the parallel pathway (I′ f M step). The presence of an
intermediate, I′, is not only physically reasonable (a single
non-native peptide isomer is not expected to prevent collapse
and partial folding) but also necessary to reproduce the
denaturant dependence ofλ3, which is indicative of a tight
coupling between isomerization and structure formation. This
mechanism may be more general, since minor folding phases
with similar time constants (0.1-1 s) and denaturant
dependence have been observed for several other proteins,
including ubiquitin (Khorasanizadeh et al., 1993), dihydro-
folate reductase (Jennings et al., 1993), and cytochromec2
(Sauder et al., 1996).
Our kinetic mechanism for SNase folding (Scheme 2)

departs from previous proposals as it contains obligatory
structural intermediates, I and I′, on a direct path toward the
native state for each population of unfolded states. For WT
SNase with all six proline residues, one would have to
include at least two additional parallel pathways with possible
structural intermediates to account for the two slower folding
phases. By contrast, Chen et al. (1991, 1992b,c) initially
proposed a model consisting of a series of denatured states
followed by a cooperative conformational step (D3 h D2 h
D1 h N), which could account qualitatively for the triphasic
folding kinetics of WT SNase, but does not explain the
complex denaturant dependence of the rates and amplitudes
(cf. Figure 2A).
Unfolding Mechanism. The unfolding mechanism of

SNase is complicated by cis-trans isomerism about the
Lys116-Pro117 peptide bond, which gives rise to biphasic
unfolding kinetics [Figure 2A; cf. Sugawara et al. (1991)
and Su et al. (1996)]. As in previous work on SNase variants
lacking Pro117 (Kuwajima et al., 1991; Nakano et al., 1993),
the proline-free variant exhibits a single unfolding phase with
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a GuHCl-dependent rate (Figure 2B) that closely matches
the faster of the two phases observed for the wild-type protein
(Figure 2A). However, while elimination of prolines renders
the native state kinetically homogeneous, the curved rate
profile indicates that unfolding is not a simple two-state
process. Our results rule out proline isomerization as a
possible explanation and indicate that a structural intermedi-
ate is responsible for the curvature in the rate profile at high
denaturant concentrations (Figure 2B). Our kinetic simula-
tions show that a sequential mechanism with a single
intermediate, M, located directly on the pathway of unfolding
(Scheme 1) can fully account for the observed unfolding
behavior. At high GuHCl concentrations, the strongly
denaturant-dependent main unfolding step (Mf I) is so fast
that formation of M becomes rate-limiting, which causes the
rate profile to level off. This situation is illustrated by the
free energy diagram in Figure 6, which shows that at
relatively low denaturant concentrations (<2 M GuHCl) the
rate-limiting barrier is that between M and I, while at higher
denaturant concentrations the transition from N to M
becomes the highest point in the free energy profile. The
weak dependence of this process on GuHCl concentration
(mq

NM/meq ) 0.06) indicates that M is nearly as compact as
the native state. In contrast to the folding intermediate I,
the unfolding intermediate M is always poorly populated,
since it decays more rapidly than it is formed (kMI + kMN .
kNM; see Table 2). Nevertheless, the switch in rate-
determining barriers in unfolding in going from moderate
(1-1.5 M) to high (>1.5 M) GuHCl concentrations (Figure
6) clearly indicates the presence of a structural intermediate.
Evidence for a similar unfolding mechanism has previously

been presented for horse cytochromec (Elöve et al., 1994;
Colón et al., 1996) andRhodobacter capsulatuscytochrome
c2 (Sauder et al., 1996). In these cases, the nonlinear
unfolding rate profile can be attributed to the dissociation
of the Met80 ligand from the heme iron, which limits the
rate of unfolding under strongly denaturing conditions.
Jonsson et al. (1996) observed a pronounced downward
curvature in logarithmic plots of the unfolding rateVsGuHCl
and urea concentration for the dimeric arc repressor protein,
which they also attributed to a change in rate-limiting
barriers. As discussed by Jonsson et al. (1996) and Sauder
et al. (1996), possible alternative models, such as intrinsic
denaturant effects [cf. Parker et al. (1995)] and denaturant-
induced shifts in the position of the transition state (Ma-
touschek & Fersht, 1993) would predict rate profiles with a
more gradual change in slope, in contrast to the relatively
sharp kink observed in all these cases. Although the
structural origin is uncertain, a possible explanation for the
unfolding behavior of the arc repressor is that dissociation
of the native dimer may precede the major structural
unfolding step and become rate-limiting under sufficiently
destabilizing conditions.
In contrast to the cytochromesc and arc repressor, there

is no obvious structural feature to explain the presence of
an unfolding intermediate in SNase. Since M is not well-
populated, we have no direct information on its physical
properties. What we know is that its solvent-accessible
surface area is only slightly (6%) larger than that of the native
structure. Since small single-domain proteins generally show
linear unfolding rate-profiles up to high denaturant concen-
trations [e.g., Jackson and Fersht (1991), Khorasanizadeh et
al. (1993), and Kragelund et al. (1995)], it is reasonable to
assume that the complex unfolding behavior of SNase is

related to its two-domain structure. One possible scenario
is that some critical long-range contacts [especially charged
and/or H-bonded interactions; see Hinck et al. (1993, 1996)]
between the two subdomains may have to be disrupted before
further unfolding can occur. This proposal is supported by
the observation that binding of a Ca2+ ion and an inhibitor
(deoxythymidine 3′,5′-bisphosphate), linking two loop re-
gions across the active-site cleft (Loll & Lattman, 1989),
results in a dramatic reduction in the rate of unfolding without
affecting the kinetics of folding (Sugawara et al., 1991). This
has also been observed in other proteins, where cross-linking
of the polypeptide chainVia disulfide bonds (Mayr et al.,
1994a) or metal ligands (Sauder et al., 1996) can greatly
reduce the rate of unfolding. Thus, M appears to be a slightly
expanded form of the native state with intact subdomains,
but lacks some of the specific contacts between the domains,
which is consistent with the smallm value associated with
the Nf M transition and with previous evidence for two-
domain behavior in SNase (Carra et al., 1994; Carra &
Privalov, 1995, 1996; Hinck et al., 1996). Further unfolding
of this loosened state would then occur in a major structural
transition characterized by a strongly denaturant-dependent
rate.

Summary of Kinetic Mechanism.Contrary to earlier
predictions (Sosnick et al., 1994), elimination of potential
kinetic complications due to proline isomerization did not
result in a simple two-state folding/unfolding process.
Observation of a lag in the refolding kinetics and nonlinear
denaturant dependence of the folding rate at low GuHCl
concentrations provides evidence that a partly folded inter-
mediate is populated on the 10 ms time scale. The kinetic
behavior and fluorescence properties associated with this
intermediate are consistent with previous amide protection
results (Jacobs & Fox, 1994) and kinetic analysis of core
mutations (Kalnin & Kuwajima, 1995), which indicate that
this early intermediate contains stable structure primarily in
theâ-domain. Consistent with earlier evidence for a three-
state unfolding equilibrium for the V66W mutant of SNase
(Gittis et al., 1993), recent calorimetric studies have indicated
that SNase contains two subdomains of differing stability
linked by the pairing of two loops across the active site cleft
(Carra et al., 1994; Carra & Privalov, 1995). Together with
our observation of a kinetic unfolding intermediate that is
only slightly expanded in comparison to the native state, this
suggests the following structural interpretation of the SNase
folding pathway (Scheme 3):

where folding begins by formation of the N-terminalâ-sheet
domain (Iâ) and continues with acquisition of helical structure
in the rest of the molecule, resulting in a native-like structure
with each of the domains present (IRâ), followed by the
docking of the two-domains as a rapid final step.
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