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ABSTRACT: Subtilisin E (SbtE) is a member of the ubiquitous superfamily of serine proteases called
subtilases and serves as a model for understanding propeptide-mediated protein folding mechanisms. Unlike
most proteins that adopt thermodynamically stable conformations, the native state of SbtE is trapped into
a kinetically stable conformation. While kinetic stability offers distinct functional advantages to the native
state, the constraints that dictate the selection between kinetic and thermodynamic folding and stability
remain unknown. Using highly conserved subtilases, we demonstrate that adaptive evolution of sequence
dictates selection of folding pathways. Intracellular and extracellular serine proteases (ISPs and ESPs,
respectively) constitute two subfamilies within the family of subtilases that have highly conserved sequences,
structures, and catalytic activities. Our studies on the folding pathways of subtilisin E (SbtE), an ESP,
and its homologue intracellular serine protease 1 (ISP1), an ISP, show that although topology, contact
order, and hydrophobicity that drive protein folding reactions are conserved, ISP1 and SbtE fold through
significantly different pathways and kinetics. While SbtE absolutely requires the propeptide to fold into
a kinetically trapped conformer, ISP1 folds to a thermodynamically stable state more than 1 million times
faster and independent of a propeptide. Furthermore, kinetics establish that ISP1 and SbtE fold through
different intermediate states. An evolutionary analysis of folding constraints in subtilases suggests that
observed differences in folding pathways may be mediated through positive selection of specific residues
that map mostly onto the protein surface. Together, our results demonstrate that closely related subtilases
can fold through distinct pathways and mechanisms, and suggest that fine sequence details can dictate the
choice between kinetic and thermodynamic folding and stability.

The question of how proteins find their unique native
structures by using information encoded within their amino
acid sequences lies at the heart of molecular biology.
Understanding mechanisms of folding and unfolding are of
immense scientific significance because of their potential,
in providing new approaches to combat protein-misfolding
disorders and in facilitating the design of novel proteins that
catalyze desired reactions. In addition, the protein folding
problem is ostensibly the most fundamental example of
biological self-assembly, and symbolizes the first step
towards tackling one of the most arduous questions that can
be addressed by contemporary science: How have complex
biological systems evolved the ability to self-assemble into
robust and predictable systems? The current literature sug-
gests that each sequence folds through a unique energy
landscape that is dictated by the intrinsic properties of the
polypeptide, and by the extrinsic influence of the folding
environment (1). The challenge now is to recognize how an
energy landscape that is inherent to a given protein is defined
by its amino acid sequence, and the extent to which external
factors influence this process.

A popular approach to gaining insights into general protein
folding principles and to determining what characteristics

of this process are under evolutionary control is to compare
folding of homologous proteins (2-5). Several elegant
studies have demonstrated that homologous proteins fold
through similar folding pathways and transition states (2, 4,
6-8). There is also a growing body of evidence which shows
that the folding rates of proteins with diverse sequences
strongly correlate with more global parameters such as
contact order, topology, average hydrophobicity, and protein
length (9). In essence, fine sequence details of the protein
do not affect folding pathways and mechanisms (5, 10).

While the current view of folding has emerged through
studies based on proteins that fold into their global energy
minima (thermodynamically stable states), there is a growing
body of evidence which shows that several proteins can fold
to kinetically stable local minima (11-20). While thermo-
dynamically stable protein conformations are generally the
norm, kinetically stable conformations may be selected for
specific functional advantages. For example, kinetic stability
provides mechanisms for protease longevity inR-lytic
protease (13, 14, 21), for biological regulation in serpins (17,
18), and for membrane insertion of viral glycoproteins (20).
In the case of the broadly specificR-lytic protease, the
uncoupling of the folding and unfolding pathways upon
propeptide degradation enables the native state to be locked
in a metastable state that confers low conformational entropy.
This enhances the longevity of the protease by reducing its
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autoproteolytic susceptibility (14, 21). Studies on plasmi-
nogen activator inhibitor 1 have shown that the active
inhibitory form converts to a latent inactive form over a
period of several hours. The latent form can be converted
back to the active form by denaturation and renaturation.
Thus, the active inhibitory form of the protein is not at its
lowest-energy state but slowly converts to the latent form
that appears to be more stable (22-24). In some serpins,
this conversion from the active to the latent form occurs upon
proteolysis (17, 18, 25). These provide unique methods for
inhibition of serine protease activity. In the case of hemag-
glutinin, the trimeric envelope glycoprotein undergoes a
dramatic loop to a coiled-coil transition upon exposure to
low pH. The initially synthesized native state has a disordered
loop region that appears to be separated from a more stable
state by a kinetic barrier. The conformational change upon
pH change facilitates membrane insertion (20, 26, 27).
Hence, in the cases discussed above, the kinetically trapped
native conformations enhance the biological functionality of
proteins. Since the folding landscape is encoded in the
polypeptide sequence, the above examples raise an important
question of whether nature selects for specific folding
pathways through fine sequence details. Agard and co-
workers have compared folding of the kinetically trapped
R-lytic protease with thermodynamically stable trypsin (28)
to understand the functional basis of thermodynamic versus
kinetic stability (15, 16, 29, 30). However, althoughR-lytic
protease and trypsin adopt very similar folds, their amino
acid chains display insignificant sequence similarity (21).
This prevents an analysis of how primary sequence evolution
dictates selection between thermodynamic and kinetic stabil-
ity becauseR-lytic protease and trypsin may have evolved
via convergent evolution (31). The key to understanding how
protein sequences have evolved to select between thermo-
dynamic and kinetic stability is to identify protein subfamilies
closely related by sequence and structure, but different in
their folding mechanisms, such that one subfamily folds into
thermodynamically stable native states, while the other adopts
kinetically trapped conformers. This would facilitate a
detailed analysis of the relation between primary sequences,
native structures, folding pathways, and evolutionary con-
straints that dictate the choice between thermodynamic and
kinetic stability.

Subtilases constitute a large ubiquitous superfamily of
calcium-dependent serine proteases that span prokaryotes,
eukaryotes, and archea (11, 13, 32). On the basis of their
sequence homology, subtilases can be divided into at least
six families, all of which have conserved catalytic domains
(32). Although levels of overall sequence identity may vary
between these families, they all adopt very similar three-
dimensional structures. Most members of the subtilase
superfamily are produced with dedicated propeptide domains
located downstream from signal peptides. These propeptides
are demonstrated to be essential for correct folding of their
cognate protease domains in several prokaryotic and eu-
karyotic subtilases (11, 32). Propeptide deletion variants of
these subtilases are correctly localized but are unable to fold
into their native states, suggesting that propeptides do more
than merely assist signal peptides to correctly localize their
protease domains. The contemporary understanding of
propeptide-mediated folding mechanisms of subtilases has
emerged from analyses of bacterial subtilisins (11, 13).

In this paper, we investigate folding in the highly
conserved subtilase superfamily (11, 32). Like other subti-
lases, subtilisin E (SbtE)1 is a calcium-dependent ESP that
is secreted as a precursor (pro-SbtE) and is an established
model for understanding propeptide-dependent folding (11-
13, 32-39). In absence of its propeptide (77-residue), SbtE
(275-residue) folds into a stable, molten-globule intermediate
that is separated from its kinetically trapped native state by
a high-energy barrier (13, 33). Spontaneous conversion to
the native state is slow (t1/2 ∼ 1500 years) but is catalyzed
∼106-fold by the propeptide, which lowers this high-energy
barrier (13, 33). Hence, propeptides function as dedicated
intramolecular chaperones that are essential for efficient
folding of their cognate protease domains to kinetically
trapped native states (11, 21, 22, 40). A database search of
more than 500 homologues of SbtE identified several
bacterial intracellular serine proteases that are highly con-
served in sequence but lack classical propeptide domains.
Through detailed analyses of amino acid and nucleotide
sequences, protein structures, and folding kinetics, we
demonstrate that intracellular serine protease 1 (ISP1), an
ISP, and its homologue SbtE, an ESP from the same
organism (Bacillus subtilis), can fold through significantly
different pathways and kinetics. Despite displaying conserved
topology, contact order, and hydrophobicity, SbtE absolutely
requires assistance from its propeptide to fold into a
kinetically trapped conformer, while ISP1 folds to a ther-
modynamically stable state more than 1 million times faster
and independent of a propeptide. Analysis of the themody-
namics and kinetics suggests that the folding transition state
of ISP1 is different from that of SbtE. Interestingly, the
differences between ESPs and ISPs appear to be localized
mostly on the protein surfaces, with ISPs displaying a bias
toward acidic amino acid residues (pI<5.5) and ESPs
preferring basic amino acid residues (pI>8.0). In addition,
ISPs lose the specificity and affinity for the propeptides of
ESPs but continue to bind tightly with known subtilisin
inhibitors. Evolutionary analysis suggests that the primary
sequence of ISPs displays significant adaptive evolution of
surface residues. Together, our results suggest that surface
residues dramatically influence folding, and their positive
selection can dictate folding pathways, mechanisms, and the
choice between kinetic and thermodynamically stable folds
in subtilases.

MATERIALS AND METHODS

Sequence Analysis and Homology Modeling.Protein
sequences were aligned using ClustalW and analyzed in
GeneDoc. Homology modeling of ISP1 was performed using
Swiss Model, a program that predicts structures reliably
(rmsd< 2 Å) for sequences that are 50-60% identical (41).
The structure was validated using ANOLEA, ProSAII,
VADAR, and WHATCHECK and displayed using Pymol.
Sites within the conserved hydrophobic core have a solvent

1 Abbreviations: ESP, extracellular serine protease; ISP, intracellular
serine protease; SbtE, subtilisin E; pro-SbtE, propeptide subtilisin E;
ISP1, intracellular serine protease 1; HCI, hydrophobicity core index;
CD, circular dichroism; GdnHCl, guanidine hydrochloride;N-succ-
AAPF-pNA, N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide; LRT, likeli-
hood ratio test; SSI,Streptomycessubtilisin inhibitor.
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accessibility of<15% and a hydrophobicity core index (HCI)
of >60%, where

where AA represents hydrophobic residues, Hyd is the
hydrophobicity of AA,NHyd is the number of AA at sitei,
andN is the total number of residues at sitei.

Protein Expression and Purification.ISP1 was amplified
from the genomic DNA ofB. subtilis (ATCC catalog no.
23857D, American Type Culture Collection, Manassas, VA)
using PCR and cloned into pET11a. Site-directed mutagen-
esis was carried out as described previously (35). Nucleotide
sequences were confirmed by sequencing both strands.
Proteins were expressed inEscherichia coliBL21(DE3) and
purified from the soluble fraction using techniques as
described previously (35, 37, 40). Mature ISP1 purified from
E. coli lacks its 17-residue N-terminus that does not affect
its folding.

Structural Characterization.CD spectra were measured
on an AVIV-215 spectrophotometer using a quartz cuvette
with a path length of 1 mm (40). Protein samples (7-15
µM) were taken in renaturation buffer [50 mM Tris-HCl (pH
8.5), 0.5 M (NH4)2SO4, and 1 mM CaCl2]. The thermosta-
bility was monitored through the loss in ellipticity at 222
nm. For intrinsic tryptophan fluorescence (PTI fluorometer),
samples were excited at 295 nm and emission spectra
between 300 and 400 nm were obtained. Folded and unfolded
samples were in renaturation buffer and 6 M guanidine
hydrochloride (GdnHCl), pH 4.8, respectively. The fluores-
cence change upon folding or unfolding was used to monitor
kinetics. Stopped-flow kinetics were measured on a Hi-Tech
SF61-DX2 fluorometer using aλexcitation of 295 nm and a
310 nm band-pass filter. For the Chevron analysis, folded
and unfolded S246A-ISP1 and Pro-SbtE (1-4 µM) were
diluted (1:10 ratio) into renaturation buffer containing
different concentrations of GdnHCl (0-5 M). Data were
fitted to single- and double-exponential equations (GraphPad-
Prism) to determine folding and unfolding rate constants (40).
Chevron plots best fit a three-state equation (8, 42, 43). All
experiments were performed at 23°C and are averages of
three to six independent repeats.

ActiVity, Inhibition, and Calcium-Dependent Stability.
Activities of ISP1 and SbtE were measured at 405 nm using
the chromogenic substrateN-succ-AAPF-pNA (35, 40). The
calcium dependence of ISP1 and SbtE was measured in
Chelex-treated buffer [50 mM Tris-HCl (pH 8.5) and 0.5 M
(NH4)2SO4], to which various concentrations of calcium were
added (39). Aliquots were removed as a function of time,
and protease activity was measured to obtain decay rates
(kdecay). Slopes obtained from plots ofkdecay versus [Ca2+/
protein] provide the relative calcium-dependent stability of
ISP1 and SbtE. Inhibition constants (KI) were measured by
adding proteases [ISP1 (7.6 nM) or SbtE (58.3 nM)] to
renaturation buffer containing inhibitors [propeptide (0.05-
35 µM), SSI (0.05-12.5 nM), or BSA (1.18-20 µM)] and
0.5 mMN-succ-AAPF-pNA (35). KI was obtained from EC50

plots of normalized rates ofp-nitroanilide release versus
inhibitor concentration (GraphPad-Prism).

Kinetics and Equilibrium Folding and Unfolding.Pro-SbtE
folding and SbtE folding were monitored as described

previously (36, 40). Purified ISP1 was completely denatured
(loss of structure and activity), after precipitation [55%
(NH4)2SO4] and resuspension in 6 M GdnHCl (pH 4.8).
Denatured ISP1 (22µM) was rapidly diluted (50-fold) into
renaturation buffer, and the recovered activity was assayed
at various times after folding initiation. Figure 4c represents
maximum activity recovered after complete folding. Equi-
librium folding or unfolding was monitored (CD at 222 nm)
to obtain free energy differences andm values for each
transition as described previously (8, 33, 42-44). The
transitions are represented by at least three states (43), the
native (N), intermediate (I), and unfolded states (U) as
follows:

The observed ellipticity [Aobs(c)] at any concentration of the
denaturant is given by the sum of the contributions from the
three states as (42, 45)

wherefN(c), fI(c), andfU(c) are the fractions of the three states
at a GdnHCl concentration ofc (fN + fI + fU ) 1) andAN,
AI, andAU are the ellipticity values of the pure N, I, and U
states, respectively. ThefN, fI, andfU terms are related to the
equilibrium constants,KNI andKNU, of the unfolding transi-
tions from N to I and from N to U, respectively.∆GNI

H2O and
∆GNU

H2O are ∆GNI and ∆GNU at 0 M GdnHCl, respectively,
andmNIc andmNUc represent the dependence of the respective
free energy changes onc. The data were fitted using Prism
Graphpad.

Statistical Analysis of Phylogeny.Protein sequences of
ESPs and ISPs (SwissProt, Hobacgen, and Merops databases)
were aligned using ClustalW and used to obtain nucleotide
alignments. DNAML (PHYLIP package) was used to
estimate tree topology (Figure 6a). Positive selection (ω >
1) was tested using several codon-based likelihood models
(codeml) in PAML (46). Likelihood-ratio tests (LRTs) were
used to establish best fits by comparing general models with
their null models (47-49). The null distribution of the LRT
statistic (2∆l, where∆l equals the difference between log-
likelihood scores of the two models) can be approximated
using theø2 distribution, with the degree of freedom being
the difference in the number of free parameters between the
two models. Briefly, the site models were M0 (oneω for all
sites), M1 (allowsω ) 1 andω ) 0), M2 (ω ) 1, ω ) 0,
andω > 1), M3 (discrete model with three site classes for
ω estimated from data), M7 (â distribution for ω from 0
and 1), and M8 (â distribution from 0 to 1, and independent
ω estimated from data). The branch site models used were
model A and model B (47-49). Branch site models test for
adaptive evolution along a specific lineage, which is termed
the foreground branch. The basic branch site model allows
for four site classes. The first two classes (ω0 andω1) are
uniform over the entire phylogeny. The other two classes
allow for some sites withω0 andω1 to change to positive

HCI ) (∑
i)1

n

AA × Hyd)
NHyd

N
(1)

N {\}
KNI

I {\}
KIU

U (2)

Aobs(c) )

AN + AI exp[-(∆GNI
H2O - mNIc)/RT] +

AU exp[-(∆GNU
H2O - mNUc)/RT]

1 + exp[-(∆GNI
H2O - mNIc)/RT] +

exp[-(∆GNU
H2O - mNUc)/RT]

(3)
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selection (ω2) along the foreground branch. In model A,ω0

and ω1 are fixed, while in model B, they are estimated as
free parameters (47, 48).

The foreground branch for our analysis is highlighted in
blue (Figure 6a). When LRTs suggest positive selection, the
posterior probabilities for each site to have a specificω class
can be calculated using Bayes theorem (47-49). Our
evolutionary analysis of ISPs and ESPs (branch site models

A and B) from Bacillus suggests that adaptive evolution
followed gene duplication leading to ISPs. The Bayes
approach identified∼22% sites for whichω > 1 and hence
have positively evolved in the ISP clade. Interestingly, most
of these sites have been identified as being critical for folding,
activity, and stability of SbtE through independent mutagen-
esis and directed evolution studies (50). Table 3 lists sites
that show a strong positive selection in ISPs together with

FIGURE 1: Sequence conservation between ISPs (blue) and ESPs (red). Multiple-sequence alignment (MSA) between representative ISPs
and ESPs. SUBT_BACSU (SbtE) and ISP1_BACSU (ISP1) are our models whose secondary structures are depicted above and below the
MSA, respectively. Active sites (yellow circles), calcium binding domains (green bars), and sequence conservation (black shading,>75%
identical; gray shading,>70% similar) are depicted. Specific regions are conserved (>65% identical) only within ESPs (red type) or ISPs
(blue type). The amino acid composition and isoelectric points are shown N-terminal to each sequence (ACID, D, E; BASIC, K, R, H;
HYDRO, A, V, L, F, G, I, Y, W, P, M, C; POLAR, S, N, Q, T).
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the corresponding sites in ESPs and the role of that site in
folding, stability, and activity of ESPs as identified through
independent studies. Consistent with studies on other protein
families, trees generated using different programs (DNA-
PARS and DNADIST) do not affect the analysis (data not
shown).

RESULTS

Sequence, Structural, and Functional Analysis of Bacillus
ESPs and ISPs.A database search for SbtE-like bacterial
proteases identified two subfamilies (ISPs and ESPs) within
subtilases that exhibit significant sequence, structure, and
functional conservation (11, 32). High levels of sequence
identity (∼50%) within these subgroups (Figure 1), and
availability of crystallographic structures for several ESPs,
including SbtE (34), allow development and validation of
reliable homology models (51) for ISPs (Figure 2a). Subti-
lases even with a low level of sequence identity have been
known to adopt similar three-dimensional structures (32).
For example, the eukaryotic subtilases Kex2 and furin

(prohormone convertases) adopt structural scaffolds (52, 53)
that are similar to bacterial subtilisins despite a low level of
sequence identity (26% with Kex and 37% with furin). Since
ISP1 and SbtE have sequences that are>50% identical, we
modeled the structure of ISP1 using subtilase templates.
Because of the high levels of sequence identity, the modeled
structure of ISP1 can be considered with confidence. When
sequence conservation seen in the multiple-sequence align-
ment (Figure 1) is mapped onto the structure of ESPs and
ISPs, conserved sites (black and gray highlight) map to the
protein core, while sequence differences between the two
families (blue and red type) map predominantly onto the
protein surface (Figure 2b,c). Analysis of the amino acid
distribution in the two families demonstrates that the percent-
ages of hydrophobic residues within ESPs and ISPs are
similar (see amino acid distribution in Figure 1). Further,
quantitation (Table 1) of the hydrophobic core establishes
similar core strength (see Materials and Methods for details;
Figure 2b) within ESPs and ISPs. Calcium binding sites that
are critical for ESP stability (13, 37), are also well-conserved
within ISPs (green bars in Figure 1). However, although ISPs
and ESPs share significant sequence and structural similari-
ties, ISPs lack propeptides that are critical for ESP folding.
The propeptides of ESPs are extremely charged (36% charge)
and intrinsically unstructured polypeptides (54, 55). Interest-
ingly, ISPs are biased for negatively charged residues which
is evident in their acidic isoelectric points (Figure 1 and Table
1), and charges that are localized within propeptides of ESPs
appear to be evenly distributed within the protease domain
of ISPs.

To obtain insights into structure and folding of ISPs, we
cloned, expressed, and purified ISP1 (intracellular serine
protease 1) fromB. subtilis (Materials and Methods) to
compare and contrast with SbtE, our ESP model from the
same species (11, 40). The secondary structure of SbtE, pro-
SbtE, ISP1, and their active site variants were compared
using circular dichroism (CD) spectroscopy, and the fractions
of secondary structure content were estimated as described
previously (35, 36, 40, 56). Figure 3a demonstrates that the
secondary structure spectra of ISP1 and SbtE are superim-
posable, and their deconvolution yields similar overall
secondary structure content (Table 1), and is consistent with
our homology model. Thermostability estimated using changes
in CD ellipticity as a function of temperature indicates that
the active site variants of ISP1 and SbtE display similar
melting temperatures (Table 1). Both ISP1 and SbtE exhibit

FIGURE 2: Structural conservation between ISPs (blue) and ESPs
(red). (a) Ribbon models of SbtE (PDB entry 1SCJ) and ISP1
(homology model, validated as described in Materials and Methods).
R4 andR5 are critical for propeptide interaction with SbtE. (b)
Conserved hydrophobic core (yellow space-filling diagram) within
ISPs and ESPs. (c) Sequence conservation from MSA mapped onto
structures. Residues conserved within both ESPs and ISPs are
colored gray, while red or blue denotes residues that are conserved
within only ESPs or ISPs, respectively. Residues that are conserved
within ESPs, but without selection constraints in ISPs, are colored
cyan.

FIGURE 3: Secondary and tertiary structure comparison between
ISP1 (blue) and SbtE (red). (a) Secondary structure comparison
using CD. Table 1 contains structural contributions. (b) Intrinsic
tryptophan fluorescence. Native state (solid lines) SbtE displays
fluorescence higher than that of ISP1 due to an additional
tryptophan. Unfolded proteins (dashed lines) lose fluorescence
intensity.
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a blue shift and an increase in intrinsic tryptophan fluores-
cence with an emission maximum at 330 nm, when compared
with their unfolded states (Figure 3b). Because of the
presence of an additional tryptophan residue, native SbtE
displays a higher fluorescence than ISP1. The change in
fluorescence observed upon denaturation and renaturation
can be used to monitor the folding kinetics of ISP1 and SbtE.

We next compared enzymatic properties of ISP1 and SbtE.
ISP1 is completely inhibited by ethylenediaminetetraacetic
acid and phenylmethanesulfonyl fluoride, like SbtE (data not
shown), and exhibits a 15-fold higher specific activity toward
a chromogenic substrate (Table 1). Since subtilases are
known to be dependent upon Ca2+ ions for their stability
and/or catalytic activity, the relative affinities of ISP1 and
SbtE for Ca2+ were estimated as described in Materials and
Methods. Both proteases display strong Ca2+ dependence for
their stability and activity, with ISP1 having an only 3-fold
lower Ca2+-dependent proteolytic stability (Figure 4a).

To gain deeper insight into the similarities and differences
between the enzymatic properties of ISP1 and SbtE, their
binding affinities for known subtilase inhibitors were exam-
ined. Streptomycessubtilisin inhibitor (SSI), one of the
strongest inhibitors of bacterial subtilases (57), can interact
with SbtE (KI ) 0.17 nM) and ISP1 (KI ) 0.26 nM) with
similar affinity (Table 1 and Figure 4b). The propeptide
inhibits SbtE with aKI of 18.5 nM. While this affinity is
approximately 10-fold weaker than that observed for SSI, it
is similar to the affinity of other ESPs such as subtilisin BPN′
and Carlsberg (57), for the propeptide of SbtE. On the other
hand, the propeptide inhibits ISP1 with an affinity (KI )

1410 nM) that is∼100-fold weaker than that for SbtE.
Interestingly, this affinity is similar to that of a nonspecific
protease substrate, such as bovine serum albumin (BSA),
for both ISP1 and SbtE (Table 1 and Figure 4b). The
diminished affinity of the propeptide for ISP1 is a likely
consequence of changes in specific surface residues that
constitute the propeptide-protease interface. Hence, together,
the experimental data given above suggest that ISP1 and SbtE
display catalytic properties of classical serine proteases but
differ in their interaction with propeptides.

A Comparison of the Folding Pathways of ISP1 and SbtE.
To examine reversibility of folding, denatured ISP1 was
rapidly diluted into renaturation buffer (40), and recovered
activity was used as a direct indicator of folding. Figure 4c
establishes that ISP1 folding is reversible and its efficiency
is ∼70%, probably due to autoproteolysis. Under identical
conditions, the protease domain of SbtE folds exceedingly
slowly, but folding is rapidly catalyzed by the propeptide
added in trans (Figure 4c). Such a reversible folding-
unfolding equilibrium provides sufficient evidence for a
thermodynamically stable native state (21, 22, 58). Hence,
unlike ESPs whose folding is under kinetic control (11, 13),
ISPs adopt thermodynamically stable folds independent of
propeptides.

To investigate the thermodynamic versus kinetic folding
of ISPs and ESPs, subsequent studies were performed using
active site variants that lack complications of proteolysis (38).
S246A-ISP1 adopts a secondary structure that can be super-
imposed with that of ISP1 but lacks proteolytic activity (data
not shown). Folding kinetics of S246A-ISP1 and pro-S221C-

FIGURE 4: Characterization of ISP1 (black) and SbtE (gray). (a) Activity and stability (measured askdecay) as a function of Ca2+. ISP1
activity decays 3-fold faster as measured from relative slopes. (b) EC50 plots for ISP1 and SbtE inhibition by SSI (O), propeptide (b), and
BSA (]). (c) Activity recovered upon refolding. Denatured ISP1 (U) recovers activity upon refolding (F, gray bar) and is unaffected by the
propeptide (FP, black bar). Unfolded SbtE (U) when refolded is inactive (F) unless it is folded in the presence of its propeptide (FP, gray
bar). (d) Refolding kinetics of S246A-ISP1 (top) and pro-S221C-SbtE (bottom). Residuals for best-fit curves are below each graph. (e) Folding-
unfolding equilibrium of S246A-ISP1 and pro-S221C-SbtE monitored using CD at 222 nm. Resolved fractions of native (s),
unfolded (- - -), and intermediate (‚‚‚) states are shown. (f) Chevron plots fitted to a three-state model (8, 42) yield the following: mIU
) 3.37 andmNU ) 4.50 for S246A-ISP1 (black) andmIU ) 1.78 andmNU ) 3.33 for pro-S221C-SbtE (gray).
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SbtE (34, 38) were monitored using stopped-flow fluores-
cence (Figure 4d). Both best fit a double-exponential rate
equation, with rate constants of 20.23 and 0.012 s-1 for
S246A-ISP1 and 0.021 and 0.0016 s-1 for pro-S221C-SbtE,
respectively. Comparison of the two phases observed during
folding suggests that the rapid phase of S246A-ISP1 is∼103-
fold faster than that of pro-S221C-SbtE. Observed slow phases
may be consequences of proline isomerization (33). Unas-
sisted folding of SbtE is extremely slow (33) (t1/2 ∼ 1500
years), and its kinetics cannot be accurately measured using
fluorescence. Fersht and co-workers (33) have estimated that
the propeptide enhances the folding rate of the protease
domain by∼106-fold. Hence, while they both have conserved
structures, folding of ISP1 appears to be∼109 times faster
than propeptide-independent folding of SbtE.

Rigorous analysis of folding kinetics reveals a burst phase
within the dead time of the stopped-flow instrument. The
occurrence of burst phase kinetics in several folding models
suggests the presence of transient intermediates which are
established counterparts of equilibrium intermediates (43).
Since analysis of intermediates can provide insights into
folding pathways, we examined equilibrium folding-unfold-
ing transitions of S246A-ISP1 and pro-S221C-SbtE (Figure 4e).
The folding-unfolding equilibrium of S246A-ISP1 is com-
pletely reversible with two distinct transitions, and is
represented by at least three states (43), the native (N),
intermediate (I), and unfolded states (U) (see Materials and
Methods). Parameters that best represent folding and unfold-
ing of S246A-ISP1 are listed in Table 1. Pro-S221C-SbtE
undergoes autoprocessing to give a thermodynamically stable
stoichiometric complex, the structure of which has been
determined (34). This complex also shows a three-state
equilibrium transition (Figure 4e). Studies suggest that the I
state observed in S246A-ISP1 is on-pathway (data not shown)
as shown in the case of prosubtilisin (33). This I state is
more structured (70% of the native ellipticity at 222 nm)
than that observed in pro-S221C-SbtE (∼33% of the native
ellipticity), and deconvolution (Figure 4e) establishes that
the I state of S246A-ISP1 is maximally populated in 0.8 M
GdnHCl when compared with the I state of pro-S221C-SbtE
(2.5 M GdnHCl). At high denaturant concentrations, devia-
tions from linearity (rollovers) are observed in the Chevron
plots (59) [ln(kobs) vs denaturant] of both S246A-ISP1 and
pro-S221C-SbtE (Figure 4f). This is typically ascribed to
folding intermediates (8) and is consistent with our equilib-
rium studies. The extent of solvent exposure between the
states involved in a transition is defined bym values, and
themIU/mNU ratio obtained from Chevron plots (8, 42) (Figure
4f) suggests a more compact intermediate state for ISP1
(0.7716) than for Pro-SbtE (0.536), probably due to presence
of the propeptide. Nonetheless, ISP1 folds to its thermody-
namically stable native state (∆GNU ) 5.3 kcal/mol) through
a compact transient intermediate, while pro-SbtE folds and
autoprocesses (34) into a stable stoichiometric complex
(∆GNU ) 9.9 kcal/mol) via an expanded intermediate (Table
1). Degradation of the inhibitory propeptide from this
complex results in a kinetically trapped protease domain (33,
40) whose unfolding does not show a stable intermediate
(Table 1). Although propeptide degradation lowers the
thermodynamic stability of SbtE (Table 1;∆Grelease) 10.4
kcal/mol), it ensures proteolytic stability (13, 21, 40) by
increasing the unfolding energy barrier (Figure 5). It is

important to note that the observed differences in the folding
pathways of ISP1 and SbtE are not mere consequences of
their cellular location, because the intracellular or extracel-
lular expression of SbtE does not yield active protease in
the absence of its cognate propeptide (60). Hence, ISP1 and
SbtE have similar sequences, structures, and catalytic activi-
ties but fold through significantly different pathways. This
suggests that the inability to spontaneously fold may not be
a property of that particular scaffold, but may be a conse-
quence of fine sequence details.

Table 1: Comparison of ISP1, SbtE, and Pro-SbtE fromB. subtilis
as Models for ISPs and ESPs

ISP1 SbtE pro-SbtE

Sequence
identity with ISP1 (%) 100 50 50
total length (no. of residues) 319 275 352
propeptide (no. of residues) 17 0 77
isoelectric point (pI) 4.7 6.3 8.5
charged residues (%) 23.10 9.40 14.77
contact order (CO) 27.36 28.41 NA
hydrophobic core (HCI) 5.36 6.04 NA

Activity
optimum pH 8.5 8.5 NAa

KI (nM) for SSI 0.17 0.26 NAa

KI (nM) for ProSb 1410 18.50 NAa

KI (nM) for BSA 4700 2140 NAa

specific activityN-succ-AAPFpNA (units/ng) 2698 210 NAa

Structure
helix (%) 21.0 25.5 22.4
sheet (%) 26.4 22.8 21.7
â-turn (%) 17.3 17.4 17.4
random coil (%) 35.3 34.3 38.8
Tm (°C) 58.7 58.3 54.5

Equilibrium Unfolding
∆GNI (kcal/mol) 3.56 NA 1.62
mNI (kcal mol-1 M-1) 7.14 NA 1.11
∆GNU (kcal/mol) 5.3 2.433c 9.98
mNU (kcal mol-1 M-1) 7.85 0.73c 3.02

a The cleaved complex (pro-SbtE) cannot bind inhibitors.b ∆Grelease

for pro from SbtE) -RTln KI (10.4 kcal/mol).c Values are illustrative
(SbtE unfolding is irreversible).

FIGURE 5: Representative folding energy landscape of ISPs and
ESPs. Representative free energy landscape of kinetically and
thermodynamically driven protein folding. Denatured ISP1 (U) folds
through an intermediate (I) to its thermodynamically stable native
state (N). Pro-SbtE folds into a thermodynamically stable complex
(N + P). Propeptide degradation from this complex kinetically traps
the native state (N) by increasing the unfolding energy barrier and
by uncoupling folding (solid gray line) and unfolding (dashed gray
line) pathways.
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EVolutionary Analysis of Bacillus ESPs and ISPs.To
understand how two conserved proteins have evolved to fold
differently, and to establish the constraints driving such
evolution, we performed a phylogeny-based statistical analy-
sis onBacillusESPs and ISPs, to test for positive selection
along the ISP subfamily (Figure 6a). The ratio of the rate of
nonsynonymous (dn) to synonymous substitution (ds), ω, is
an unequivocal indicator of evolution indicating neutral (ω
) 1), purifying (ω < 1), or positive diversifying (ω > 1)
selection (46, 49). Our data set was analyzed using various
codon-based site and branch site models in PAML (46) that
estimateω using the maximum likelihood (see Materials and
Methods). The major advantage with this analysis is that it
allows for variable selective pressures along a gene, by
assuming different classes of sites with varyingω ratios (46,
49). Site specific models allowω to vary among sites, but
not among branches. Branch site models are more powerful
in detecting positive selection as they allow variations inω
between both various sites along the sequence and different
lineages along the tree (48). Briefly, the site models were
M0 (oneω for all sites), M1 (allowsω ) 1 andω ) 0), M2
(ω ) 1, ω ) 0, andω > 1), M3 (discrete model, with three
site classes forω estimated from data), M7 (â distribution

for ω from 0 to 1), and M8 (â distribution from 0 to 1, and
independentω estimated from data). The branch site models
were model A and model B (four different classes ofω; see
Materials and Methods). A likelihood ratio test (LRT) is used
to search for positive selection, that is, for presence of sites
for whichω > 1. This is achieved by comparing a null model
that does not account forω > 1 with a more general model
that allows forω > 1. For example, M0, which allows one
ω for all sites, was compared with M3, which is a discrete
model with three site classes forω estimated from data.
Positive selection is indicated whenω > 1 and the LRT is
significant (see Materials and Methods). When LRTs suggest
positive selection, the posterior probabilities for each site to
have a specificω class can be calculated using Bayes
theorem. Our data set was analyzed as described in Materials
and Methods, and the estimated parameters are listed in Table
2.

Log likelihoods for both branch site models show signifi-
cantly better fits (p < 0.05) than their null models (model A
with M1, model B with M3) and show positive selection
along the ISP clade (Figure 6a and Table 2). Both models
show that although most sites are neutral or conserved during
evolution (ω e 1), ∼22% of sites exhibit strong positive

FIGURE 6: Adaptive evolution of ISPs. (a) Phylogeny of ISPs (blue) and ESPs (red) fromBacillus. Branch lengths are not to scale. The
lineage leading to ISPs (thick blue line) was tested for positive selection. (b) Positively selected residues (posterior probabilityg 0.95) are
mapped onto the ISP1 structure.
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selection (ω > 1) within ISPs. Hence, while subtilases are
well-conserved, it appears that there has been significant
adaptive evolution preceding ISPs, to allow propeptide-
independent protein folding. We next examined posterior
probabilities using an empirical Bayes approach (46, 49) to
identify positively selected sites (Table 2). It is important to
note that 75% of the sites with a probability of>0.95 are
confined to the surface of ISP1 (Figure 6b and Table 2).
Because of their industrial importance, ESPs have been
extensively analyzed using mutagenesis and directed evolu-
tion, and sites that directly affect folding, activity, and
stability have been identified (50). Interestingly, several
positively selected sites identified in our evolutionary analysis
overlap with sites determined through such studies (Tables
2 and 3) and are further consistent with earlier findings from
our laboratory (61). For example, residue 188 in ESPs
(corresponding to site 213 in ISP1) has been established to
interact with residue 17 (earlier termed position-60) in the

propeptide domain during folding (61). This site appears to
have positively evolved within propeptide-independent ISPs.
Hence, while kinetics (Figure 4) establishes that the structur-
ally conserved proteases SbtE and ISP1 (Figures 1-3) can
fold through different pathways, our evolutionary analysis
(Figure 6 and Table 2) suggests that this selection of
pathways may be mediated through positive selection of
specific residues.

DISCUSSION

Subtilases constitute a ubiquitous superfamily of serine
proteases, with most members being synthesized with
N-terminal propeptide extensions (11, 32). X-ray crystal-
lography and homology modeling concur that catalytic
domains of subtilases adopt very similar three-dimensional
structures (32). The contemporary view is that structurally
conserved subtilases should fold into their native states
through similar transition states and folding pathways (3-
5, 62-65). This is consistent with extensive work on
prokaryotic subtilisins and eukaryotic subtilisin/kexin-like
prohormone convertases that emphasize the importance and
necessity of propeptide domains in facilitating correct protein
folding (11, 13). Much of our mechanistic understanding of
propeptide-mediated protein folding has emerged from
analysis of the bacterial ESPs (13, 32, 35-37, 39, 40, 61,
66-72), which are extracellular proteases. Detailedin Vitro
and in ViVo studies have demonstrated that propeptides can
direct folding of ESPs into kinetically stable states and are
not mere facilitators of correct localization (11, 60, 73).
Propeptides remain tightly associated with their cognate ESPs
and must be proteolytically degraded to release enzymatic
activity (57). Cleavage and degradation of the propeptide at
the completion of maturation enable the decoupling of
folding and unfolding pathways (40) and stabilize the native
state by increasing the energy of the transition state for the
unfolding reaction (Figure 5). Furthermore, proteolytic
cleavage also facilitates formation of high-affinity calcium
binding site A, which contributes significantly to the
increased energy of the unfolding transition state in ESPs
(32).

Table 2: Phylogeny-Based Statistical Analysis ofBacillus ESPs and ISPs Using Maximum Likelihood Models

model likelihood ω(dn/ds) positive selection and sites selecteda

site models
M0 -16311.68 0.038 not allowed
M1 -17475.09 P0 ) 0.112,p1 ) 0.888,ω0 ) 0.000,

ω1 ) 1.000
not allowed

M2 -17469.63 P0 ) 0.113,p1 ) 0.843,p2 ) 0.046,
ω0 ) 0.000,ω1 ) 1.000,ω2 ) 2.172

yes, 169N,231Lb

M3 -15873.44 P0 ) 0.543,p1 ) 0.457,p2 ) 0.000,
ω0 ) 0.013,ω1 ) 0.080,ω2 ) 6.845

no

M7 -15815.78 P ) 0.737,q ) 14.409 not allowed
M8 (ncat ) 5) -15817.58 P0 ) 1.000,p ) 0.709,q ) 13.607

(p1 ) 0.000),ω1 ) 1.383
no

branch site models
A -17422.28 P0 ) 0.093,p1 ) 0.664,p2 ) 0.030,

p3 ) 0.214,ω0 ) 0.000,ω1 ) 1.000,
ω2 ) 999.00

yes, 14 sites (28V, 53C,127Q,b 137Y,b 147S,b 149S,b

167V, 175C,207V,b 213E,b 218N, 232S, 264E,b 267F)

B -15856.14 p0 ) 0.347,p1 ) 0.418,p2 ) 0.107,
p3 ) 0.129,ω0 ) 0.082,ω1 ) 0.0128,
ω2 ) 24.447

yes, 12 sites (53C,71S,b 115I,b 137Y,b 141Q, 149S,b

175C,218N, 232S, 256L,264E,b 267F)

a Only those sites with a posterior probability of>0.95 for positive selection are shown. Residues in boldface type are those on protein surface
and constitute 75% of positively selected residues. There is a>55% overlap between residues identified from branch site model A and model B.
b Mutations at these sites have been shown to affect the folding, stability, and activity of subtilisins through independent directed evolutionary
studies (50, 61, 79).

Table 3: Positively Selected Sites in ISPs, Identified through
Phylogeny Analysis, Corresponding Sites in ESPs and Their
Functional Roles from Independent Mutagenesis Studies in ESPs
(50)

ISP1 SbtE implicated role in subtilisins

28V 10Q not determined
53C 35I not determined
71S 51V stability
115I 92A activity, stability
127Q 103Q activity, affects flexibility
137Y 113W folding, stability
141Q 117N not determined
147S 123N activity, affects flexibility
149S 125S activity
167V 143V not determined
175C 151A not determined
207V 182S activity, stability
213E 188S folding, stability, thermostability
218N 193G not determined
231L 206Q stability
232S 207S not determined
256L 231A not determined
264E 239P activity, stability
267F 242T not determined
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A comprehensive database search for SbtE-like bacterial
proteases helped identify two distinct subfamilies (ISPs and
ESPs) within the family of subtilases that exhibit significant
sequence, structure, and functional conservation (11, 32).
While ESPs and ISPs display a high level of sequence
identity (Figure 1), the latter represents an intracellular
subfamily that lacks the classical subtilisin propeptide
signature (54), which is essential for correct folding of ESPs.
The lack of the propeptide signature suggests that ISPs might
fold in a manner independent of propeptide domains. This
work represents the first description of the propeptide-
independent folding pathway of a Ca2+-dependent subtilase
and a detailed analysis of evolutionary constraints that affect
the choice between thermodynamic and kinetic folding and
stability.

Figure 1 establishes that the sequences of ESPs and ISPs
are approximately 50% identical. A striking feature of this
alignment is that specific residues that are conserved within
one family are changed and display significantly different
amino acid properties from the other. For example, the loop
connectingâ5 with â6 has D182S, E189T, and E198S sites that
change from polar (ESPs) to acidic (ISPs). Similarly, R136E,
Y137W, E158A, and K164D are substitutions that are localized
within helicesR4 andR5, which contribute interactions to
the propeptide-subtilisin interface in ESPs. Specifically,
mutations at site 112 in SbtE (corresponding to site 136 in
ISPs; R136E substitution) have been shown to significantly
lower the binding affinity of SbtE for the propeptide (36).
Thus, while the two subfamilies have conserved structures,
there are specific sites that appear to be selected during their
evolution. Interestingly, such sites map mostly to the solvent
accessible surface of the protein (Figures 2c and 6b).
Furthermore, the level of sequence identity and/or conserva-
tion within the hydrophobic core is significant, and quanti-
tation suggests that the average strength of the hydrophobic
core, which is the major driving force in protein folding
reactions (74-76), is similar in ESPs and ISPs (Table 1 and
Figure 2b).

In this work, ISP1 was extensively studied and compared
with our ESP folding model, SbtE. The CD spectroscopic
analysis demonstrates that ISP1 and SbtE adopt very similar
secondary structures (Figure 3a) and exhibit similar ther-
mostability (Table 1). The inability to spontaneously fold
has been attributed to the high stability of ESPs bestowed
by the presence of a high-affinity calcium binding site (32).
A calcium deletion variant of ESPs can fold in a manner
independent of its propeptide (13, 39), albeit very slowly
(67-69), and its folding is catalyzed more than 106-fold by
the addition of the propeptide (67). The sequence alignment
of ESPs and ISPs indicates significant conservation among
residues that constitute the Ca2+ binding site. Consistent with
this conservation (Figure 1), ISP1 displays a strong calcium-
dependent proteolytic stability. However, the affinity of ISP1
for calcium is approximately 3-fold lower than that of SbtE,
which may be due to an insertion prior toâ2 in ISP1 (Figure
1). It is important to note that the presence of this Ca2+

binding site does not preclude ISP1 from spontaneous folding
and unfolding (Figure 4c,e) independent of any propeptide
domain.

The propeptides of subtilases are potent inhibitors of
protease activity and exhibit significant cross reactivity.
Therefore, the propeptide of SbtE can bind tightly with other

ESPs such as subtilisin Carlsberg, whose sequence is∼60%
identical. However, the SbtE propeptide is not a good
inhibitor of ISP1. On the other hand, SSI, a potent subtilisin
inhibitor, binds to both SbtE and ISP1 with similar affinities
(Figure 4b and Table 1). The weak affinity of ISP1 for the
propeptide, which is similar to the affinity of a nonspecific
substrate BSA (Figure 4b), can be attributed to distinct
differences in the mode of interaction (11, 34). The propep-
tide binds with the protease domain in a “side-on” orientation
through an interface mediated by helicesR4 andR5 (34).
On the other hand, SSI binds to the active site of subtilisin
in a “top-on” orientation (77) through interactions that are
completely different from that of the propeptide. Interest-
ingly, the sequence alignment and the modeled structure
establish that these helices (R4 and R5) in ISPs exhibit
differences in key residues (Figure 2a,c) that are essential
for high-affinity binding to the propeptide (35). However,
the sequences of these helices are>90% identical within
ESPs (Figure 1), and as a consequence, the propeptide can
strongly inhibit other ESPs.

Comparative studies demonstrate that folding of ISP1 is
propeptide-independent and thermodynamically reversible
with a ∆GUF of -5.3 kcal/mol, while folding or unfolding
of the protease domain of SbtE is thermodynamically
reversible only in the presence of its cognate propeptide with
a ∆GUF of approximately -10.0 kcal/mol. Interestingly,
equilibrium folding-unfolding reactions of ISP1 and pro-
SbtE indicate the presence of distinct protein folding
intermediates that are maximally populated in 0.8 and 2.5
M GdnHCl, respectively (Figure 4e). The dependence of the
apparent folding rates on denaturant (Figure 4f) shows a
rollover in the unfolding limbs for both proteins and supports
the presence of stable intermediates in the folding pathway.
Furthermore, the extent of solvent exposure obtained from
the chevron plots (Figure 4f) suggests that the folding
intermediate of ISP1 is more compact, in contrast with the
diffused state in SbtE. The presence of partially structured
intermediates is in contrast with the hypothesis that broad
specificity proteases such as subtilisin would select against
folding via stable intermediates, because they would be
excellent substrates for autolysis (13). While such partially
structured states are commonly found in several protein
models and are important intermediates in the overall folding
pathway, their precise role in folding of ISP1 and pro-SbtE
remains unknown.

Our studies establish that, SbtE, an ESP that is secreted
in harsh, extracellular, protease-rich environments, folds to
its native state with the help of a propeptide domain (11,
12, 35-37, 40, 61, 66, 78). The presence of the propeptide
domain enables it to reach a kinetically trapped native state
that has a high unfolding energy barrier and thus offers
greater proteolytic stability. On the other hand, the intracel-
lular homologue, ISP1, with similar sequence, topology,
hydrophobic core, and catalytic activity, can fold to its native
state even without the help of a propeptide domain. Further,
it reaches a thermodynamically stable native state through a
more compact folding intermediate. While the contemporary
view is that homologous proteins fold through similar
pathways and folding transition states (3-5, 62-65), our
results demonstrate that ISP1 (propeptide-independent) and
SbtE (propeptide-dependent) reach similar native states
through different folding pathways. Evolutionary analysis of
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the constraints underlying the evolution of such closely
related subfamilies shows that the ISPs have indeed positively
diverged from the ESPs.

It is important to note that the observed differences in
folding pathways of ISP1 and SbtE are not mere conse-
quences of their cellular location, because the intracellular
or extracellular expression of SbtE does not yield an active
protease in the absence of its cognate propeptide (11, 73).
While the kinetic barriers apparently enhance the stability
of ESPs in harsh extracellular environments (13, 21), similar
barriers leading to high stability in ISPs may impede
intracellular protein turnover. This is consistent with our
finding that intracellular expression of ESPs (aqualysin 1)
is detrimental to cell growth due to extensive proteolysis
(unpublished data). This suggests that biological require-
ments, and not just specific conformations, dictate selection
of folding pathways. A crucial question is how two homolo-
gous subtilase subfamilies have evolved to select different
folding pathways. Several studies demonstrate the importance
of topology, contact order, hydrophobicity, and stability in
driving protein folding pathways and kinetics (2-5). Inter-
estingly, the properties listed above appear to be conserved
within ISPs and ESPs, and differences within their sequences
map specifically onto the protein surface. Furthermore,
evolutionary analysis shows that adaptive evolution, which
precedes ISPs, is predominantly through positive selection
of specific surface residues. These differences may allow
ISPs to fold in a propeptide-independent, thermodynamically
driven pathway.

Another important question is how changes in surface
residues compensate for the loss of propeptides within ISPs.
Both ESPs and ISPs are highly charged proteins but with
extremely different isoelectric points (Table 1). Moreover,
this charge is localized within propeptides of ESPs, while it
is distributed over the protease domain of ISPs. As a
consequence, protease domains of ISPs are more polar than
ESPs. This difference may help to enhance the conforma-
tional entropy of water around the folding polypeptide and
assist the hydrophobic core in driving spontaneous folding
of ISPs. When folding of ESPs is carried out in the absence
of the propeptide, the protease domain adopts a partially
structured molten-globule intermediate with solvent-exposed
hydrophobic surfaces (38). The partially formed hydrophobic
core within the protease domain of ESPs may be insufficient
to drive folding without the solvation assistance bestowed
by the surface charge. This leads to stabilization of the
molten-globule intermediate that is prone to aggregation. This
concept is consistent with our findings that charge per se,
and not its polarity, is critical for folding of subtilases (35,
78). This result, to our knowledge, is the first demonstration
that surface residues and their charge may influence the
selection of folding pathways and kinetics, and fine sequence
details may dictate selection between kinetically and ther-
modynamically driven protein folding.
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