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ABSTRACT It is well established that contact order and folding rates are correlated for small proteins. The folding rates of
stefins A and B differ by nearly two orders of magnitude despite sharing an identical native fold and hence contact order. We
break down the determinants of this behavior and demonstrate that the modulation of contact order effects can be accounted
for by the combined contributions of a framework-like mechanism, characterized by intrinsic helix stabilities, together with
nonnative helical backbone conformation and nonnative hydrophobic interactions within the folding transition state. These
contributions result in the formation of nonnative interactions in the transition state as evidenced by the opposing effects on
folding rate and stability of these proteins.
INTRODUCTION
For proteins that fold with two-state kinetics, the correlation
between folding rate and contact order (the average separa-
tion of residues in physical contact in the native state
divided by the sequence length) suggests that folding rates
are determined by the topology of the native fold and thus
independent of the stability of the final folded state (1).
Structures of folding transition states are then predicted to
be similar in small proteins with equivalent native topolo-
gies and defined by the spatial probability of forming native
interactions (1). The introduction of contact order extends
the nucleation-condensation view of two-state protein
folding (2,3) (where both secondary and tertiary contacts
are formed simultaneously around a folding nucleus) by
taking into account the effective concentration of the resi-
dues involved. This model differs from framework (4) and
diffusion collision models (5), where it is the hierarchical
formation and association of preformed secondary struc-
tures (framework model) and/or the association of folding
microdomains (diffusion-collision model) that controls the
rate of folding. In these latter two models, folding rates
are dependent on the stabilities of individual elements of
secondary structure, whether or not this leads to an observ-
able population of stable kinetic intermediates.

The cysteine proteinase inhibitors (6) stefins A and B are
well-studied examples of proteins that fold with two-state
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kinetics (7–9). Both proteins comprise 98 residues and share
a high level of sequence identity (54%), with no insertions
or deletions within the alignment (Fig. 1 A). They have
a characteristic hot dog fold in which an a-helix is sur-
rounded by a 5-stranded, antiparallel b-sheet with a topology
b1ab2b3b4b5,(Fig. 1, B and C) (10–12). Despite the simi-
larity in fold and contact order, stefin B folds 50 times faster
than stefin A (7–9). Clearly in this case, contact order is not
the sole determinant of folding rate.

The potential contribution from a framework-like mecha-
nism can be inferred from previous work using chimeras of
stefins A and B, in which residues corresponding to the
a-helix (residues 12–37) are replaced with the equivalent
sequence from the counterpart protein (stefin A (helixB)
and stefin B (helixA)) (Fig. 1 B) (9). Although the helix
represents only 25% of the protein chain, its sole presence
appears to dictate the rate of folding and therefore the
stability of the transition state. In other words, we observe
that the stefin B (helixA) chimera, which is mostly
stefin B, folds at a similar rate to stefin A. Conversely, the
stefin A (helixB) chimera folds at a similar rate to stefin B,
indicating that the transition state of this chimera is stabilized
relative to that of wild-type stefin A by the insertion of the
helix of stefin B (9) (Table 1, Fig. 2 A).

Further scrutiny of the data does however lead to the
conclusion that the transition state is stabilized by nonnative
interactions, something that is not entirely consistent with
a simple framework-like folding assembly or with a contact
order driven model. Whereas the helix of stefin B is stabi-
lizing and that of stefin A is destabilizing to the folding tran-
sition state of the stefins, the effect on the folded state is
variable such that the effect on the stability of the transition
state opposes that of the folded protein. This results in
a crossover in the free-energy profiles for the folding of
doi: 10.1016/j.bpj.2011.03.024
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FIGURE 1 Structural features of stefin constructs. (A) Sequence alignments of stefin A, stefin B, stefin A (helixB), and stefin B (helixA). Regions defining

the chimeras are highlighted and nonidentical residues marked with an asterisk. (B) Ribbon representation (pyMOL, Delano Scientific, 2002) of the structure

of stefin A (pdb code 1NB5J (10)) showing the regions of the protein that have been exchanged to produce the chimeras. (C) Ribbon representations (pyMOL,

Delano Scientific, 2002) of the superimposed structures of stefin A (darker color) and stefin B (white) (pdb codes 1NB5J (10) and 1STF (12)). The c-alpha

atoms of the a-helices (residues 13–32) were superimposed using LSQKAB, showing a high similarity (rmsd¼ 1.07 Å). In (C) the positions of P25 in stefin A

and Y31 in stefin B are shown as sticks. Residue P14 is also shown to pinpoint the N-terminal of the helix. (D) Helical wheel projections of the helices

(residues 13–32) of stefin A and stefin B, where different shades represent hydrophobic, polar, positively charged, negatively charged, and proline residues,

respectively. The corresponding amino acid sequences are shown beneath and the residues mutated in this study underlined. Projections were generated using

the web-based program: (www-nmr.cabm.rutgers.edu/bioinformatics/Proteomic_tools/Helical_wheel/).
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these proteins (Fig. 2 A) (9) and indicates that the transition
state is stabilized by nonnative interactions. In other words,
any contribution from framework-like behavior is not trans-
ferred to the final folded state.

Here, we elucidate the factors governing this behavior by
analysis of the sequences comprising the a-helices of stefins
A and B. We quantify the stabilities of the isolated helices
and thereby determine the potential contribution from
framework-like behavior to the folding mechanism. We
then investigate the roles of a helix-breaking proline residue
(P25) that is present in stefin A but absent in stefin B,
a human polymorphism in stefin B (Y/E31) that is located
at the C-terminal end of the helix and the equivalent residue
(T31) in stefin A. We show how different effects combine to
Biophysical Journal 100(9) 2268–2274
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TABLE 1 Thermodynamic parameters for stefins and derived

peptides

Polypeptide kf
o (s�1) DGF/U

o (kcal mol�1)

Stefin A peptide – þ3.2 5 0.2*

Stefin B peptide – þ2.3 5 0.2*

Stefin A 14 5 1.0 �8.7 5 0.3

Stefin B (Y31) 620 5 120 �4.5 5 0.5

Stefin A (helix B) 310 5 50 �5.5 5 0.3

Stefin B (helixA) 8.2 5 2.0 �4.7 5 0.3

Stefin A (P25S) 26 5 3 �7.6 5 0.2

Stefin A (T31Y) 15 5 1.3 �6.8 5 0.2

Stefin B (E31) 66 5 2.0 �6.7 5 0.6y

Stefin B (Y31T) 55 5 4.0 �5.5 5 0.3

Folding rate constants in water (kf
o (s�1)) and stability of the folded state

(DGF/U
o) were calculated from the fit of kinetic refolding and unfolding

transitions for all proteins except where indicated. All errors quoted are

standard errors determined from least squares fit to the data, based on

a 95% confidence limit. Values for Stefin A, stefin B (Y31), stefin A (helix

A), and stefin B (helix B) were reported previously (9). Buffer conditions

were 0.01 M sodium phosphate, 0.2 M NaCl, pH 7.0, and 25�C, the same

for all samples and maintained the same as in (9).

*yStability measurements derived from equilibrium helix induction curves

and equilibrium denaturation data, respectively.
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modulate contact order as the main determinant of folding
rates in the stefin proteins.
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FIGURE 2 Free-energy profiles for the folding of stefin A (open circles)

and Y31 stefin B (open squares). In (A) they are compared with their

chimeras stefin A (helix B) (solid circles) and stefin B (helix A) (solid

squares). In (B), they are shown with respect to the different single site

mutants with E31 stefin B (open diamonds), Y31T stefin B (solid

diamonds), T31Y stefin A (solid squares), and P25S stefin A (solid trian-

gles). The order of stabilities in the folded state generally opposes that

seen in the transition state. The activation energy for folding was derived

from the rate constants (Table 1 (9),) using a preexponential factor of
MATERIALS AND METHODS

Protein and peptide preparation

All site-directedmutants weremade using theQuik-changemethod (Agilent,

Wokingham, UK). For all proteins, expression and purification was per-

formed as described (13,14) using the recombinant stefin A and stefin B

constructs (15,16) bearing the C3S mutation. The structural integrity of all

mutants was verified using 1D 1H-NMR. Stefin B isoforms Y/E31 show no

structural differences as evidenced by the absence of significant chemical

shift change in the 1H15N-hsqc spectra. Peptides corresponding to the isolated

helices of stefins A and B (residues 12–33) were purchased from Peptide

Protein Research, Fareham, UK. To exclude contributions from nonnative

helical structure, peptides are three residues shorter than the insert used to

form the chimeras, which include part of the loop region (residues 34–37).
107. All DGs are relative to the unfolded state (U).
Equilibrium denaturation

The 30 mM protein samples were incubated for 30 min at 25�C in 0.01 M

sodium phosphate, 0.2 M NaCl, pH 7.0 at varying concentrations of guani-

dine hydrochloride (GuHCl). Circular dichroism (CD) spectra were

measured using a JASCO (Great Dunmow, UK) J-810 spectropolarimeter

and ellipticity at 222 nm plotted as a function of GuHCl. Data were fitted

to a two-state model assuming a linear free-energy relationship (17) using

Grafit (Erithracus Software, East Grinstead, UK).
Refolding kinetics

Apparent rate constants for the refolding of P25S and T31Y stefin A were

measured using intrinsic fluorescence on a SX-17MV stopped-flow

machine (Applied Photophysics, Leatherhead, UK) at 25�C in 0.01 M

sodium phosphate, 0.2 M NaCl, pH 7.0. Refolding rates of the E31 stefin

B isoform and the Y31T mutant (for which there is no change in intrinsic

fluorescence) were obtained in the same buffers using CD spectroscopy.

Folding rates for stefin B E31 were collected using Synchrotron radiation
Biophysical Journal 100(9) 2268–2274
CD at 222 nm (Synchrotron Radiation Source, Daresbury, UK; Beamline

CD-12) coupled to a custom-made stopped-flow device equipped with

a commercially available data acquisition system (Applied Photophysics).

Stefin B Y31T rates were measured using a Pi-Star stopped-flow machine

in CD mode (Applied Photophysics). The GuHCl dependence of the rate

constants was fitted according to (17): kobs ¼ kf
o exp (�mkf [GuHCl]),

where kobs is the observed rate constant and kf
o is the rate constant of

folding in water. The data were fitted using Grafit (Erithracus). We observed

no change in intrinsic fluorescence upon unfolding of E31 stefin B (i.e., Y31

is solely responsible for reporting this change in Y31 stefin B). We found

previously that folding rates of stefin A, stefin B (Y31), and the chimeric

proteins, stefin A (helixB) and stefin B (helixA), are not probe dependent

(9), which justifies our use of CD spectropolarimetry to measure the refold-

ing kinetics of E31 and T31 stefin B.

We have chosen to fit our data to a model in which the free energies of the

mutant unfolded states are unchanged. The alternative view where changes

are seen in the unfolded state free energy would favor a model where point

mutations have consistent effects. This is not what is seen in our data (for

example, T31Y stefin A versus Y31T stefin B).
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Peptide stability and helix propensity

Peptide samples in 0.01 M sodium phosphate, 0.2 M sodium sulfate, pH 7.0

were incubated at room temperature for 30 min at varying trifluoroethanol

(TFE) concentrations. CD spectra were recorded using a JASCO J-810

spectropolarimeter. Helix-induction curves were fitted using Grafit (Erithra-

cus) according to a two-state model (18). The percentage helicity attained at

the endpoint of each titration was calculated as described elsewhere (19).
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FIGURE 3 Stability and helical propensity of stefin A and stefin B

peptides. (A) Helical induction curves for the isolated a-helices of stefin

A (open circles) and stefin B (open squares). Data are normalized to the

endpoints of each titration, which correspond to the maximum helical

content attained for each peptide. (B) CD spectra are shown for stefin A

(black) and stefin B (gray) peptides at 0 M (dashed lines) and 6 M (solid

lines) TFE. The percentage helicity attained for the stefin A and stefin B

peptides corresponding to the endpoints of the TFE titrations are 30% for

stefin A and 40% for stefin B, which presumably reflects breakage of the

stefin A helix at P25.
RESULTS AND DISCUSSION

Contribution of framework-like behavior

The formation of a well-populated, isolated helix is not
apparent as an intermediate in the folding kinetics of the
stefins. However, the stability of the helix may determine
how productively it behaves as a template on which the
rate-limiting processes build. If the observed kinetics is
due to the presence of such a high energy, helix-folded inter-
mediate, then this should be reflected in the behavior of iso-
lated peptides corresponding to the helical regions of the
amino acid sequences.

The helix induction curves obtained for peptides corre-
sponding to the helical regions of stefins A and B are
sigmoidal in shape indicating a cooperative transition to
a helical structure at high concentrations of 2,2,2 trifluoroe-
thanol (TFE) (Fig. 3 A). The curves are independent of
peptide concentration over a range of 0.2–1.6 mM and
a clear isodichroic point at 203 nm is also observed
(Fig. 3 B) thus validating the analysis of these data using
a simple two-state helix-coil transition model. It is well
established that TFE stabilizes a-helical conformations of
peptides (e.g., 20,21), although the mechanism by which
this occurs is still a matter of debate (22). Despite these
disagreements, it has been shown experimentally that a
linear free-energy relationship with the concentration of
TFE can be assumed to determine the stability of helices
in water (18). This analysis yields a stability for the isolated
helix of stefin B, which is greater than that of stefin A by
DDG ¼ 0.9 5 0.4 kcal mol�1 (Table 1), a value that also
defines the energetic contribution from framework-like
behavior to the folding transition state. Using the relation-
ship Dkf ¼ e�DDG/RT, this could result in a fourfold acceler-
ation in the folding rate of stefin B relative to stefin A or up
to ninefold when taking experimental error into consider-
ation. Although substantial, this is not sufficient to explain
the observed 50-fold rate enhancement (where DDGTS

~2.3 kcal mol�1 (Fig. 2 and Table 1) (9)).
Effect of helix backbone conformation

Dramatic contributions from a nonnative backbone confor-
mation to folding rates and stability have been reported
for the SH3 domain, in which a single kink in the b-sheet
that stabilizes the native protein destabilizes the transition
state during folding (23). Using an analogous argument, it
is plausible that the proline-free stefin B helix is able to
form stabilizing contacts within the transition state, thus
accelerating the folding rate while kinking of the stefin A
helix by proline 25 (serine in stefin B) promotes contacts
with the b-sheet and stabilizes the folded state relative
to stefin B (24,25, Fig. 1 C). In accordance with these
arguments, the crystal structures of both proteins show
curvature in the helices, and the percentage helicity we
observe for the stefin A and stefin B peptides corresponding
to the endpoints of the TFE titrations is 30% for stefin A and
40% for stefin B (Fig. 3 B). This suggests that the helix of
stefin A curves naturally lowering the overall CD measure-
ment, whereas stefin B is able to form a more stable and
extensive helix.

Should the change in the folding rates of the stefins arise
as a result of such a model, then substitution of the proline
residue by serine in stefin A (P25S) would be predicted to
accelerate the folding reaction (by stabilization of the tran-
sition state) while destabilizing the final folded state. We
Biophysical Journal 100(9) 2268–2274
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measured an ~twofold rate enhancement coupled with
a reduced stability of the native state by 1.1 5 0.4 kcal
mol�1 for this mutant (Figs. 4, 2 B, and Table 1). The data
show that the nonnative backbone conformation arising
from the P25S mutation has only a modest contribution to
transition state stabilization.
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FIGURE 4 Effects of point mutations on the folding transition state of

stefins. (A) Observed folding rate constants for Y31 stefin B (open squares),

E31 stefin B (open diamonds), and Y31T stefin B (solid diamonds), stefin A

(open circles), P25S stefin A (solid triangles), and T31Y stefin A (solid

squares). Linear fits of the data are represented by continuous lines (see

Methods). (B) Equilibrium denaturation monitored using CD spectroscopy

of stefin B polymorphs, Y31 (open squares) and E31 (open diamonds) as

well as the mutant Y31T (solid diamonds). (C) Equilibrium denaturation

monitored using CD spectroscopy of stefin A wild-type (open circles)

and its mutants P25S (solid triangles) and T31Y (solid squares). Mean

molar residue ellipticity is plotted against [GuHCl] (see Methods) and lines

represent data-fitting to a two-state transition.
Effect of tyrosine/glutamate polymorphism
in stefin B

At this point, we conclude that the identity of the helix
controls folding, but that its stability in isolation and a prin-
cipal source of its distortion in the native fold can only
partially account for the variation in folding rates between
stefin A and stefin B. This leaves the remaining 10 changes
in helix sequence as the main source of these differences
(Fig. 1). However, from previous work we know that a single
polymorphism in the human stefinB gene at residue 31 (tyro-
sine to glutamate) changes the distribution between mono-
meric and dimeric forms of stefin B and profoundly
influences the rates of amyloidogenesis (13,16,26,27). This
suggests that there is an underlying effect on the stability of
the folded state and the dynamics of the folding mechanism.
Ourmeasurements indicate a folding rate for the E31 isoform
of stefin B that is ~10-fold slower than Y31 coupled to an
increase in folded state stability of 2.2 5 1.1 kcal mol�1

(Table 1 and Figs. 4 and 2 B). These effects are substantial
and reflect the same trends observed when comparing stefin
B (Y31) to stefinA.Of importance, theY31T stefinBmutant,
in which Y31 is replaced by the equivalent residue in the
stefin A sequence produces identical results (Table 1 and
Figs. 4 and 2 B), indicating that it is the nature of the tyrosine
residue at this position, not glutamate that gives rise to the
observed changes.

Residue 31 is a surface-exposed residue located at the
C-terminus of the stefin B helix (Fig. 1 C). We can discount
the idea that differences in stability arise from different
helix-capping abilities since tyrosine, glutamate, or threo-
nine residues are not of the appropriate polarity. A far
more likely source of the increase in folding rate is the
greater hydrophobicity of tyrosine relative to threonine or
glutamate. The importance of hydrophobic interactions in
protein folding reactions is well documented, where the
exclusion of hydrophobic surface from solvent provides
the dominant driving force for the early collapse of the poly-
peptide chain (28). Hydrophobic clustering can be a feature
of denatured and transition states but to increase the folding
rate, the stabilization of the latter must be greater. Hence, we
infer from our data that the greatest degree of burial of the
tyrosine residue in stefin B is found within the transition state
for folding and that destabilization of the folded state is
attributable to increased solvation of the tyrosine side chain
relative to the denatured state, a phenomenon sometimes
referred to as the reverse hydrophobic effect (29). We refer-
ence our free-energy diagrams to the unfolded state to
Biophysical Journal 100(9) 2268–2274
provide a clear visual comparison of the changes in folding
rate that we observe (Fig. 2). We determined whether Y31
in stefin B is sufficient to build a cluster with the remaining
stefin A sequence, as seen for the stefin A (helix B) chimera
(Fig. 2 A). Although we do observe a comparable reverse
hydrophobic effect in stefin A (the folded state of the
T31Y mutant is destabilized by 1.9 5 0.5 kcal mol�1), the
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refolding rate of stefin AT31Y is indistinguishable from that
of the wild-type protein (Figs. 4 and 2 B). This indicates that
the transition state stabilization observed during refolding of
Y31 stefin B results from interaction between multiple side
chains originally substituted in the stefin chimeras (residues
12 to 37, with 11 combinatorial possibilities) (9).

Surface hydrophobic residues have been reported previ-
ously to stabilize folding transition states with respect to
the native state (30–34), and we propose here that this is
a major source for the observed crossover in the free-energy
plots of the stefins and their helix-substituted chimeras
(Fig. 2). We conclude that hydrophobic clustering, in which
Y31 plays a central role, is a major effect in this system.
CONCLUSIONS

Stefins A and B present us with an example of the interplay
of different energetic contributions to the folding transition
state. Elements of contact order, framework-like behavior,
nonnative backbone conformation, and also nonnative
hydrophobic clustering play their roles, side-by-side, to
lead to the correct formation of what are relatively simple
folds.
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