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Abstract
Efficient and precise assembly of polypeptides into native functional states is critical for normal
cellular processes. Understanding how a specific structure is encoded in the polypeptide sequence
and what drives the structural progression to the native state is essential to deciphering the folding problem. Several prokaryotic and eukaryotic proteins require their propeptide-domains to
function as dedicated intramolecular chaperones (IMCs). In this manuscript, we investigate the
elementary steps in the IMC mediated maturation of Subtilisin E, a bacterial serine protease, and a
prototype for the eukaryotic proprotein convertases (PCs). Through detailed analyses, we have attempted to define the unimolecular folding energy landscape for SbtE to understand how the stabilization of folding intermediates influences the maturation process, an aspect that is difficult to
study in eukaryotic PCs. Our studies demonstrate that a rapid hydrophobic collapse precedes acquisition of tertiary structure during the folding of Pro-SbtE and results in formation of a moltenglobule like intermediate. Induction of structure within the IMC stabilizes both the molten globule-like folding intermediate and the native state, and appears to expedite initial stages of folding, purely through thermodynamic stabilization of the folded state. While the induced structure
does not affect the activation energies in the unimolecular folding reaction, it is detrimental to the
autoproteolytic cleavage of the precursor and subsequent release and degradation of the inhibitory IMC-domain since both these stages require some degree of unfolding. Completion of ProSbtE maturation results in the formation of a kinetically trapped and extremely stable native state.
Hence, our results suggest that the SbtE IMC appears to have evolved to be intrinsically unstructured and to bind with its cognate protease with a specific affinity that is critical for biological regulation.
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1. Introduction
Protein folding is one of the simplest and most fundamental examples of biological self-assembly [1]. Uncovering the principles of protein folding not only helps us outline the factors that drive this process, but also is the
first step in developing rational cures for folding diseases, and designing novel proteins. The broad question of
folding is concerned with deciphering how a complex three-dimensional structure is encoded in within a onedimensional polypeptide sequence, and how the polypeptide attains this native state in a limited time [2] [3].
Extensive studies have led to the new view of folding, which postulates that the native state is attained by a stochastic search of all possible conformations, aided by the stability of sub-structures that are formed [4] [5]. Substantial progress towards this goal has been made for a handful of proteins over the past few years [6]-[8].
However, many of these studies have been based on relatively small proteins that fold with fast kinetics, and in
the absence of stable intermediate states [4] [9]. On the other hand, the average biological molecule is large
(~300 amino acids), and folds through the formation of stable folding intermediates [10]. Stable intermediates
can provide valuable information about the development of the overall fold from a linear polypeptide, and can
also help examine whether their existence facilitates the process, or serves as kinetic traps that impede folding
[11]-[13]. Characterization of these states, including partially structured folding intermediates, unfolded states
and transition states that a protein encounters during the folding process are essential to realize our goal of how
proteins fold at an atomic level [6]-[8] [14].
Subtilisin E (SbtE) is a calcium-dependent extracellular serine protease that is secreted as a precursor (ProSbtE) and is an established model for understanding IMC-dependent folding of both prokaryotic proteases as
well as eukaryotic orthologues, such as the proprotein convertases (PCs) [15]-[22]. In absence of its 77-residue
IMC, SbtE (275-residue) folds to a stable, molten-globule intermediate that is separated from its kineticallytrapped native state by a high-energy barrier [23] [24]. Spontaneous conversion to the native state is slow
(T1/2 ~ 1500 yrs), but is catalyzed ~106-fold by the propeptide that functions as a dedicated intramolecular chaperone (IMC) and lowers this high-energy barrier [24]. However, the IMC remains tightly associated with the
protease and subsequent degradation of the IMC releases enzymatic activity [25] [26]. Degradation of the IMC
enables the uncoupling of folding and unfolding pathways, and stabilizes the native state by increasing the transition state for the unfolding reaction [16] [17]. Degradation of the IMC allows facile regulation of protease activation through exogenous signals such as changes in pH and salt [22] [27] [28]. It is important to note that
SbtE is a member of a large family of serine proteases termed subtilases [29], most members of which fold using
IMC-dependent mechanisms [17] [30] [31]. As aforementioned, SbtE is orthologous to the eukaryotic PCs [19][21] [32], which have the significant import on human health and disease [33]. The PCs are likewise calcium
dependent endoproteases, and are responsible for mediating a diverse range of regulatory and protective processes by controlled proteolysis of their substrates [33]-[37]. Each PC catalyzes the maturation of proprotein and
prohormone substrates within specific compartments of the secretory pathway of the eukaryotic cell, a task that
requires precise spatiotemporal regulation of their own folding and activation. As with SbtE, this control is exerted by the IMCs; misregulation of PC activity has been shown to cause cancer, diabetes, obesity, and heart
disease [34]-[37]. Much of our comprehension of the thermodynamics and kinetics of IMC-mediated folding has
emerged through detailed analysis of bacterial extracellular proteases [17] [38]. Understanding IMC-mediated
folding mechanisms gives not only fundamental insights into the energy landscape of proteins, but also the role
of intrinsic chaperones in the overall folding process. Moreover, these studies help elucidate why nature selects
between chaperone dependent and independent folding pathways. In this manuscript, we use the unimolecular
folding energy landscape of maturation of subtilisin E as a test case for the larger family of IMC-dependent
folding mechanisms, defining intermediates and analyzing how stabilization of these intermediates affects the
folding landscape.
Studies pertaining to the folding kinetics and thermodynamics of SbtE have been done in a bimolecular reac-
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tion by the addition of the IMC in trans [17]. Such studies are limited by the formation of the initial IMC-subtilisin complex [39] and do not provide information as to why IMC-independent folding is slow, or how the IMC
helps to lower the transition barrier to folding. Furthermore, the biological folding reaction is clearly unimolecular. Here, we undertake a detailed characterization of the folding mechanism and energy landscape of unimolecular, IMC-mediated maturation of Pro-SbtE, and establish how properties of the IMC affect this landscape.
Our studies demonstrate that a rapid hydrophobic collapse precedes acquisition of tertiary structure during the
folding of Pro-SbtE. Furthermore, induction of structure within the IMC stabilizes both the hydrophobic moltenglobule intermediate and the native state and appears to expedite initial stages of folding, purely through thermodynamic stabilization of the folded state. It is interesting to note that the induced structure does not affect the
activation energies of the folding. However, the induced structure in the unimolecular folding reaction is detrimental to the activation of the precursor, since this stage requires some degree of unfolding. Our results suggest
that the SbtE IMC appears to have evolved to be intrinsically unstructured and to bind with its cognate protease
with a specific affinity that is critical for biological regulation.

2. Results
2.1. Maturation Pathway of Pro-SbtE
A complete understanding of the energy landscape of maturation requires 1) determination of the structures of
all conformational states along this pathway, including the denatured state, possible intermediates and the native
state, 2) a detailed analysis of the thermodynamics and kinetics of these states and, 3) the nature of the transition barriers that separate these states. Our previous studies have established that the unimolecular maturation
pathway of Pro-SbtE involves the initial folding of the polypeptide to a stable pre-processed complex (Figure 1,

Figure 1. Schematic representation of Pro-SbtE maturation pathway schematic representation of
Pro-SbtE maturation pathway. Maturation of Pro-SbtE can be dissected into the three stages of
folding, autoprocessing and, release and degradation. Pro-S221A-SbtE represents an active site
mutant that folds to a structured state and is blocked at the stage of folding (uncleaved complex).
Pro-S221C-SbtE mutant is able to fold and undergo autoprocessing to result in a structured inhibited complex (Cleaved complex; 1SCJ.pdb) but is unable to release and degrade its IMC. Wildtype Pro-SbtE undergoes complete maturation to yield active protease (1Sbt.pdb).
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Stage I), cleavage of the peptide bond between the IMC and the protease (Stage II), and the rate limiting release
and degradation of the IMC from the processed complex (Stage III) [26]. Over the years we have isolated specific mutations that enable us to establish the nature of each of the individual stages of this pathway (Figure 1).
For example, the active site mutant Pro-S221A-SbtE folds to a structured state (Figure 2) but loses its ability to
cleave and degrade its IMC, and represents the maturation intermediate prior to being processed (Stage I) [40].
Similarly Pro-S221C-SbtE variant folds into a structured state (Figure 2) that can auto process its cognate IMC
but is unable to subsequently degrade it (Figure 1). This represents the autoprocessed maturation intermediate
(Stage II) [41] [42]. Hence, the above active-site variants together with wild type SbtE provide an ideal system
to establish the thermodynamics and kinetics of the individual steps of the maturation pathway, and to analyze
the implications of the synergy between these different stages.
The structures of mature SbtE (Stage III) and Pro-S221C-SbtE complex (Stage II) have been solved using Xray crystallography [41] [43]. These structures demonstrate that the conformations of the protease domains are
identical in the last two stages of maturation and are unaffected by the active-site substitution. The structure of
the uncleaved precursor for pro-SbtE (Stage I) has not been solved. However, the structures of the unautoprocessed, autoprocessed and the mature forms for a related homologue [44]; establishes that the protease domain
in the uncleaved precursor is similar to the wild type protease, but has a distorted 6-residue N-terminus that is
covalently attached to the C-terminus of the IMC [45]. Hence, high-resolution structures of the stable maturation
intermediates are available. While the thermodynamic properties of the intermediates can be studied at equilibrium, the properties of the high-energy and metastable transition states can be inferred from kinetic studies.

2.2. Hydrophobic Collapse Coincides with Secondary Structure Formation but Precedes
Tertiary Structure Acquisition
While earlier studies established that the IMC is indispensable to the folding of SbtE, what initiates/drives the
Pro-SbtE folding process remains unknown. It is widely accepted that hydrophobicity provides the major driving
force for most protein folding reaction. Since the kinetics of the hydrophobic core formation, relative to those
for secondary and tertiary structure formation, can provide insights into folding mechanisms [11], we performed
a detailed analysis of the folding kinetics for Pro-SbtE. The formation of a hydrophobic core during folding of a
protein can be monitored under both equilibrium and kinetic conditions by using dyes such as 1-anilino
8-napthalene sulphonic acid (ANS). ANS specifically interacts with exposed hydrophobic surfaces on proteins,
and upon binding, exhibits an increase in the fluorescence emission intensity. This approach has been successfully utilized to establish the presence of partially structured molten-globule intermediates in several proteinfolding models [11] [46]. Figure 3(a) establishes that when denatured Pro-SbtE (0.65 µM) is rapidly diluted (30
fold) into a refolding buffer that contains 6.0 µM ANS, a rapid burst in the fluorescence emission at 458 nm is
observed. The fluorescence emission spectra can be fitted to a single exponential rate equation and provides a
rate constant (kh = 0.26 s−1) for the formation of the hydrophobic core. It is important to note that in the presence
of ANS, only partially folded Pro-SbtE (structure at 600 s) and not its denatured state (6 M GdnHCl), or mature

Figure 2. Secondary structure characterization using circular dichroism (CD)
spectroscopy. CD spectra of Pro-SbtE and its active-site mutants: Pro-S221CSbtE inhibition complex (solid black line), Pro-S221A-SbtE uncleaved complex (dotted grey line), SbtE (dotted black line), isolated IMC (solid grey line)
and differential spectra of IMC in complex (brokenline).
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SbtE, exhibits significant fluorescence intensity (Figure 3(b)). Hence, the increase in fluorescence reflects the
rapid formation of the hydrophobic core of Pro-SbtE (Figure 3(a)).
We next monitored the kinetics of secondary and tertiary structure acquisition of Pro-SbtE. Folding was initiated as described in Methods. Acquisition of secondary structure was monitored as a function of time, using
the changes in circular dichroism (CD) ellipticity at 222 nm, while the tertiary structure was monitored using
changes in intrinsic tryptophan fluorescence (Figure 3(a)). The kinetics obtained using CD-spectroscopy best fit
a single exponential rate equation with a rate constant of 0.35 s−1 at 21˚C. However, the intrinsic fluorescence
profiles best fit a double exponential rate equation with rate constants of 0.021 s−1 and 0.0016 s−1 for the fast and
slow phases, respectively. The two phases may be consequences of proline isomerization or may reflect the
modular folding of the protease domain followed by the relatively slower folding of the IMC domain [17]. Interestingly, the rate constants describing the tertiary structure acquisition are significantly slower than the rate
constant for the secondary structure (0.28 s−1) or hydrophobic collapse (0.26 s−1) (Table 1). Hence, these results
suggest that a rapid hydrophobic collapse that serves to minimize conformational entropy of Pro-SbtE precedes
the relatively slower acquisition of tertiary structure.
It has been argued that hydrophobic dyes such as ANS may bind and stabilize normally transient folding species and shift their equilibrium towards stable intermediates [47]. To examine the effects of ANS on the maturation pathway, we monitored the kinetics of folding and autoprocessing of Pro-SbtE using quantitative SDSPAGE (Figure 3(c)). The extent of autoprocessing was measured as a function of time (Figure 3(d)) and establishes that the kinetics remain unaffected in the presence of ~15-fold molar excess of ANS (10 µM). Hence, our
results suggest that the hydrophobic dye does not appear to increase stability of the folding intermediate.

Figure 3. Characterization of initial collapse and folding of the precursor: (a)
Kinetics of Pro-SbtE folding, monitored by changes in ANS fluorescence
(upper), CD ellipticity (middle) and intrinsic fluorescence (lower); (b) Fluorescence emission spectra of ANS: dotted grey line—ANS control; solid black
line—Pro-SbtE 600 s after folding initiation; dotted black line—denatured
Pro-SbtE; and solid grey line—mature subtilisin; (c) SDS-PAGE of aliquots
taken at 0.2 and 5 min after initiation of folding, in presence of denoted
amounts of ANS; (d) Extent of autoprocessing, as a function of increasing
ANS concentrations, estimated from SDS-PAGE analysis by quantitative
gel-scanning densitometry; open circles—0 µM ANS; open diamond—0.1
µM ANS; open triangles—1 µM ANS; inverted triangles—10 µM ANS.
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Table 1. Thermodynamic parameters for Stages I, II, and III of SubtE maturation.
Stage I
Folding (U-N)

Stage I
Unfolding (N-U)

Stage II
Autoprocessing (N-A)

Stage III
Activation (A-M)

Normal

10% gly

Normal

10% gly

Normal

10% gly

Normal

10% gly

∆G
kcal/mol

17.963

17.820

20.395

20.450

20.710

20.810

17.390

NA

∆H
kcal/mol

3.692

1.980

10.900

4.510

11.610

4.043

3.880

NA

∆S
cal/mol∙K

−48.200

−53.500

−31.000

−53.000

−30.700

−56.600

−45.600

NA

∆Cp
kcal/mol∙K

0.112

0.114

0.657

0.273

0.184

0.156

−0.123

NA

2.3. Energetic and Structural Analysis of Stage 1: Pro-Subtilisin Folding
2.3.1. Kinetics of Stage I Analyzed Using the Pro-S221A-SbtE Variant: The Folding Reaction
To obtain insights into the nature of the folding transition state, we next examined the dependence of folding
kinetics on the temperature of the reaction. Such an analysis can also yield information about the entropy, enthalpy, heat capacity, flexibility of the polypeptide backbone, as well as the solvation of a protein in its transition
state [13]. The kinetics of Pro-S221A-SbtE was monitored as described in Methods, and the temperature dependence of the folding kinetics was established over the range of 0˚C - 25˚C. The Eyring plots thus obtained establish that the rate of folding (kf) is non-linear over the temperature range investigated (Figure 4(a)). Non-linear
Eyring plots have been observed in several other proteins. Non-linearity has been attributed to one of several
reasons, the most common of which are 1) change in heat capacity, 2) change in the rate-limiting step or 3) the
presence of a folding intermediate. To examine possible causes, the kinetics were fitted to Equation (2), to ob


and heat capacity ∆S
and hence the overtain relative changes in the free energy ∆G , entropy ∆S

of the transition states. The thermodynamic parameters obtained by best-fits of the Eyring
all enthalpy ∆H
plots are depicted in Table 1 and indicate that the net change in heat capacity between the unfolded and transition state is negligible (~0.1 kcal/mol·K). While a temperature dependent change in the rate-limiting step cannot
be overruled, the observed non-linearity in the Eyring plot appears to be most likely due to the presence of a stable folding intermediate (see next section).
Previous studies from our laboratory and others have demonstrated that the isolated IMC is an intrinsically
unstructured domain [48] [49]. Why the IMC is intrinsically unstructured and how this affects the folding landscape is unknown. Studies establish that the IMC folds into a well-defined α-β structure in the presence of cosolvents such as 10% glycerol and 25% trifluoroethanol [50]. Such concentrations of glycerol do not substantially alter the viscosity of the solution, nor the activity of the protease [51]. Further, the co-solvent induced
secondary structure appears to be similar to the structure of the IMC in complex with the protease domain. Introduction of specific mutations can also significantly increase the native-like secondary structure within the
isolated IMC domain [52]. The IMC variants with increased structural stability are invariably better chaperones
and tighter inhibitors [25] [53]. However, the effects of mutations are cumulative on the entire maturation pathway, and the delineation of their effects on individual stages becomes difficult. Hence, instead of introducing
mutations in the IMC, we analyze the folding reaction and the transition state (Stage I), in the presence of 10%
glycerol as a co-solvent.
The folding reaction in the presence of glycerol also follows single exponential kinetics with a non-linear dependence upon temperature (Figure 4(a)). The rate of folding is ~2-fold faster in the presence of 10% glycerol,
and is consistent with data obtained using stabilizing IMC mutants [25] [53]. The thermodynamic parameters
obtained from the fit of the folding kinetics to Equation (2) are depicted in Table 1. The activation energy barriers of the folding reaction in the absence (~18.0 kcal/mol·K) and presence of glycerol (~17.8 kcal/mol·K)
suggests that the induced structure does not significantly lower the free energy of the folding transition state. It
is however interesting to note that the overall entropy of the transition state is reduced in the presence of glycerol and is compensated by a gain in enthalpy probably due to packing of the side chains (Table 1). This is again
consistent with less exposed hydrophobic surface area in the presence of 10% glycerol (data not shown). Hence,

(
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(
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(
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Figure 4. Energetics of Stage I—folding. (a) Temperature dependence of the
kinetics of foldingunder normal conditions (filled squares), and in the presence of 10% glycerol (filled triangles); (b) Equilibrium unfolding of folded
Pro-S221A-SbtE under normal conditions (filled circles), and in the presence
of 10% glycerol (open circles). Deconvoluted constituent fractions under both
normal and glycerol conditions are depicted; native (N)—dotted line; intermediate (I)—solidblack line and unfolded (U)—broken line; (c) Temperature
dependence of the kinetics of unfolding from the U-state to the I-state under
normal conditions (squares), and in the presence of 10% glycerol (triangles).

our results suggest that the induction of structure in the IMC does not significantly lower the activation energy
barrier to folding.
2.3.2. Thermodynamic Equilibrium of Stage I Analyzed Using the Pro-S221A-SbtE Variant
To examine thermodynamic stability of the uncleaved precursor, the equilibrium unfolding of Pro-S221A-SbtE
was monitored as a function of denaturant concentrations (Figure 4(b)). Under non-denaturing conditions, ProS221A-SbtE adopts a well-defined structure as observed using CD (Figure 2). Under increasing concentrations of
denaturants Pro-S221A-SbtE unfolds through a partially structured state, which represents a productive folding
intermediate (I), as established earlier. This structural transition is completely reversible, and suggests that the
folded but un-cleaved precursor adopts a thermodynamically stable conformation. The folding/unfolding profiles best fit a three state transition (Figure 4(b)) and indicate that the complex at Stage I is stabilized by a free
energy difference of ~∆G0 = −4.6 kcal/mol∙K, relative to the unfolded state. The I-state appears maximally populated at denaturant concentration between ~1.0 to 1.2 M GdnHCl (Figure 4(b)), and has a net free energy of
stabilization of ~2.9 kcal/mol∙K, relative to the folded state. The I-state therefore is marginally stable (~1.7
kcal/mol∙K) compared to the unfolded state and exhibits the characteristics of a partially structured moltenglobule intermediate (Figure 4(b)). It is important to note that the non-linearity observed in the temperature dependent folding kinetics (Figure 4(a)) may be a consequence of this intermediate.
We next examined how inducing structure within the IMC (using 10% glycerol as a co-solvent) affects equilibrium folding/unfolding of Pro-S221A-SbtE. Even under these conditions the complex exhibits a distinct
three-state transition (Figure 4(b)). However, stabilities of the intermediate and native states are enhanced by
~2.0 and ~2.6 kcal/mol∙K, respectively. Further, the stable I-state is maximally populated at ~2.25 M GdnHCl
(Figure 4(b)). Hence, our data suggests that a structured IMC stabilizes both the folded state and the I-state.
2.3.3. Kinetics of Stage I Analyzed Using the Pro-S221A-SbtE Variant: The Unfolding Reaction
To obtain insights into the transition state separating the I- from the N-state, folded Pro-S221A-SbtE was rapidly
diluted into denaturant concentrations wherein the intermediate species are maximally populated. The loss in el-
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lipticity at 222 nm was monitored using CD spectroscopy and a typical unfolding curve is shown in Figure 4(c)
(inset). The temperature dependence of the unfolding kinetics from the N-state to I-state follows strong nonlinearity, both with and without glycerol (Figure 4(c)). Using Equation (2) the activation free energies, entropies,
and activation heat capacities for the unfolding reaction were estimated. The activation enthalpies were then
calculated from the free energies and the entropies. It is interesting to note that the rates of unfolding of the precursor to its intermediate state is faster in the presence of glycerol at lower temperatures (Figure 4(c)), and the
trend is reversed at higher temperature (above 17˚C). While reasons for this change in dependence are currently
unknown, one possible cause may be the presence of additional intermediates that are not resolved using equilibrium unfolding. Alternatively, it is possible that this non-linearity may be due to a change in the rate-determining step of the unfolding reaction.

2.4. Energetic and Structural Analysis of Stage II: Pro-Subtilisin Autoprocessing
Pro-subtilisin processing involves the autoproteolytic cleavage of the peptide bond between the C-terminus of
the IMC and the N-terminus of the protease domain and results in a non-covalently associated stoichiometric
complex [40] [42]. Auto-cleavage is accompanied by structural rearrangements within the complex, which coincides with the formation of a high-affinity calcium-binding site [42]. To establish the energetics associated with
autoprocessing, we measured the temperature dependence of this reaction using Pro-S221C-SbtE variant, both in
the presence and absence of glycerol. This variant is ideal for these studies since its rate of folding is similar to
Pro-SbtE, while its rates of autoprocessing are approximately 100-fold slower [41] [54]. Hence, unlike Pro-SbtE
insignificant levels of autoprocessing are observed during the folding of the Pro-S221C-SbtE variant. Moreover,
Pro-S221C-SbtE is unable to degrade its IMC and this prevents trans proteolysis. This allows one to fold the
precursor at a fixed temperature (4˚C) and then measure the kinetics of auto-cleavage at any desired temperature
using a quantitative SDS-PAGE analysis as described in Methods. Figure 5(a) depicts a representative kinetic

Figure 5. Energetics of Stage II—autoprocessing. (a) Kinetics of autoprocessing estimated from SDS-PAGE (Inset) through quantitative gel-scanning
densitometry. Mature protein—open circles; precursor—closed circles; (b)
Temperature dependence of autoprocessing kinetics under normal (squares),
and glycerol (triangles) conditions; (c) Efficiency of autoprocessing estimated
from the relative yield of mature under increasing amounts of denaturant, in
the presence (open circles), and absence (filled circles) of glycerol; (d) Equilibrium unfolding of the Pro-S221C-SbtE cleaved complex under normal
conditions (upper panel), and in the presence of 10% glycerol (lower panel).
The individual fractions obtained from deconvolution of folding curves are
Native (N)—dashed grey line; Intermediate (I)—solid grey line and unfolded
(U)—broken grey line.
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curve for autoprocessing and the rate for this reaction was obtained by fitting the profile to a single exponential
equation. The temperature dependence of the rate constant thus obtained provides an Eyring plot for the autoprocessing reaction. The Eyring plot fits equally well to Equation (2) and to a linear function (Equation (3)) and
the estimated parameters for the fit are listed in Table 1. It is interesting to note the presence of a “crossover”
between the Eyring plots obtained in the presence and absence of glycerol. At this “crossover” temperature the
rates of autoprocessing remain unaffected by glycerol, while at lower temperatures the rates of autoprocessing
increase. At higher temperatures however, it appears that the increased structural stability of the IMC slows autoprocessing. This mirrors the unfolding behavior of the precursor to its intermediate state (Figure 4(c)). Although reasons for why the rates of unfolding are higher in the presence of glycerol are currently unknown,
these results suggest that the kinetics of autoprocessing appear to directly correlate with the kinetics of unfolding
of the precursor. Hence, the stabilization of the uncleaved complex appears to be detrimental to autoprocessing.
In addition, presence of glycerol in the folding conditions does not lower the activation energy barrier notably as
seen from Table 1.
To better understand this behavior we studied the autoprocessing reaction under equilibrium conditions in the
presence of varying concentrations of GdnHCl at room temperature. Under non-denaturing conditions, the yield
of mature enzyme in the presence of glycerol is lower than that observed in its absence. This suggests that the
higher stability (lower unfolding rates) in the presence of glycerol adversely affects autoprocessing. Interestingly,
if the stability is decreased by the addition of low concentrations of denaturants (0.75 M GdnHCl) the yield of
SbtE is increased. This mirrors the trend observed in the kinetics of unfolding (Figure 4(c)) and autoprocessing
(Figure 5(b)). This suggests that partial unfolding maybe essential for efficient autoprocessing. However this is
not reflected in the activation energy barriers and requires additional analysis.
Thermodynamic Equilibrium of the Processed Complex
The thermodynamic stability of the autoprocessed complex was established by monitoring the loss in ellipticity
as a function of denaturant concentration. It is important to note that this folding/unfolding reaction is reversible
due to the presence of the IMC, which can facilitate folding in trans [55]. Analysis of the unfolding curves using
Equation (1) establishes the free-energy of unfolding of the autoprocessed complex (Table 2 and Figure 5(b)).
The equilibrium unfolding was monitored both in the presence and absence of 10% glycerol. The presence of
glycerol significantly increases the stability of the processed complex (∆∆G = 4.6 kcal/mol/K). Thus, a structured IMC increases the thermodynamic stability of both the uncleaved precursor and the cleaved complex.

2.5. Energetic and Structural Analysis of Stage III: Pro-Subtilisin Activation
The release of the IMC and its subsequent degradation by the active protease represents the rate-determining
step to IMC release. Through a careful study, we earlier established the energetics of Pro-SbtE activation [51].
The temperature dependence of the activation kinetics demonstrated that the kinetic barrier of this reaction is
~17.3 ± 0.3 kcal∙mol−1. However, this measured Ea signifies the limiting energy barrier for release and degradation. Since the proteolysis of the IMC is rapid, it should be noted that the energy barrier for release is most likely
higher. In the presence of 10% glycerol, the Pro-SbtE inhibition complex is extremely stable, with the protease
being inactive till >8 days at 23˚C and >4 weeks at 4˚C. Hence we were unable to determine the kinetics of activation in the presence of glycerol. However, based on the extremely slow activation observed under these conditions, it is reasonable to state that the energy barrier to activation significantly increases in the presence of a
structured IMC domain.
Table 2. Parameters for equilibrium unfolding of Pro-S221A and Pro-S221C SbtE.
H2O ∆GNI
kcal∙mol−1

mNI
kcal∙mol−1

H2O ∆GIU
kcal∙mol−1

mIU
kcal∙mol−1

H2O ∆GNU
kcal mol−1

mIU
kcal∙mol−1

Pro-S221A SbtE normal

2.939

4.180

1.647

0.721

4.586

4.901

Pro-S221A SbtE 10% gly

3.604

2.664

3.665

0.058

7.269

3.662

Pro-S221C SbtE normal

1.666

1.179

6.77

1.571

8.436

2.750

Pro-S221C SbtE 10% gly

2.869

1.373

10.081

2.197

12.950

3.570
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The thermodynamic stability of the mature protease relative to the auto processed complex was established by
monitoring the extent of binding of the IMC to the mature domain. The Ka for this interaction under folding
conditions was 7.34 × 106 M−1 and [51] and the IMC binding with SbtE stabilizes the inhibition complex by
~9.3 kcal/mol·K. Thus, the free-energy diagram for activation favors formation of a thermodynamically stable
inhibition complex over the active protease (Figure 6). This established that the native state of the protease is
not at its thermodynamically stable conformation but is trapped in a local energy minimum by a high barrier to
unfolding.

3. Discussion
3.1. Energy Landscape for Pro-Subtilisin Maturation
A complete study of the folding pathway involves the analysis of the structural acquisition from the unfolded
state to the native state of a protein. In this study, we define the folding energy landscape of Pro-SbtE using active
site variants. This landscape involves three distinct stages of folding, autoprocessing and activation (Figure 1).
Our results establish that folding is initiated by a rapid hydrophobic collapse and occurs through the formation
of a stable molten globule-like intermediate. Both the initial folding and the subsequent autoprocessing are thermodynamically driven processes. Autoprocessing of the uncleaved precursor is accompanied by the formation of
the high-affinity calcium-binding site and significantly increases the thermodynamic stability of the complex
[42]. This results in a high enthalpic barrier to autoprocessing. Earlier analysis of Pro-SbtE activation demonstrated that the release of the IMC from the complex is energetically unfavorable. Removal of the IMC through
proteolysis results in the formation of a kinetically trapped native state. Taken together, the energetics of Stage I,
II and II, establish that the native state is also thermodynamically unstable. A similar native state has been observed with the IMC mediated folding of alpha-lytic protease and appears to offer distinct functional advantages.

3.2. Effect of a Structured IMC on the Folding Energy Landscape
The IMC of SbtE is intrinsically unstructured and folds only in the presence of its cognate protease domain. To
understand how this structural instability affects maturation we established the energy landscape in the presence
of a structured IMC. Our results demonstrate that the IMC does not significantly contribute to the first transition
state to folding and only functions subsequent to the formation of the stable intermediate. Further, inducing
structure in the IMC does not significantly affect the kinetic barriers to folding and autoprocessing but enhances

Figure 6. Folding energy landscape for Pro-SbtE maturation. Folding of ProSbtE (N) is driven by a hydrophobic collapse that precedes the formation of
tertiary structure and proceeds through a distinct structured intermediate (I).
Autoprocessing of the IMC results in athermodynamically stable inhibited complex. Release and degradation of the IMC drives the transition to a kinetically
stable native state M (solid black line). A structured IMC (solid greyline) increases the inherent stability of I- and N-states and stabilizes the folding reaction by ~2.5 kcal/mol. Similarly, the stability of the autoprocessed complex is
also significantly enhanced (~4.6 kcal/mol). However the release of the IMC
is limited by its structural stability and enhances the barrier to activation.
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the thermodynamic stability of the structured states. However such stabilization of the uncleaved complex appears to be detrimental to auto-cleavage and dramatically prolongs activation. While this suggests that autoprocessing of the IMC, similar to its release, may require some structural instability within the IMC, the absence of
a significant change in the activation energy barrier necessitates further analysis. While structured native states
and thermodynamic stability are an accepted norm for a majority of proteins, the kinetically-determined folding
pathway of Pro-SbtE is optimized for a structurally unstable IMC domain (Figure 6). Hence in this case of protein folding interestingly kinetic-stability, its consequent functional advantages, and structural instability appear
to have co-evolved [15] [21].

3.3. Subtilisin E and the Proprotein Convertase Family
The eukaryotic proprotein convertases, as well as the related yeast kexins, are homologous protease subfamilies
of the bacterial subtilisins [21]. We are just now beginning to fully grasp the role the PCs have in regulating
human health and disease; for example, much attention has been given to PCSK9 in recent years for its role in
regulation of LDL, and the role of PC1/3 in nutrient sensing and orexigenic control continues to generate interest in the endocrine field [33]. Regulation of the PCs on a molecular levels remains poorly understood, however
we believe that in building a better understanding of the folding and maturation of subtilisin, we can extend
these findings to make directed hypotheses regarding these processes in the PCs [33]. The activation pathway of
the PCs is largely conserved with reference to that of subtilisin; the IMC, and its autoprocessing, guides folding
of the catalytic domain and directs its egress and entry from one compartment of the secretory pathway to the
next [20]. The similarities between the maturation pathways of subtilisin and the PCs have been most intensively
studied and well described in furin, considered the canonical PC. These studies have indicated a second level of
control is required in the PCs; as an evolutionary adaptation to the changing pH of the secretory pathway [19]
[22], we have previously demonstrated that protonation of a conserved histidine (His69 in furin) is necessary and
sufficient for the cleavage and release of the IMC, and thus activation of furin. However, while this histidine residue is conserved within the other PCs, each homologue exhibits its own pH specificity of activation, thus
leading us to question what additional factors play into this exquisite control mechanism? From our understanding of the activation of subtilisin, we posited that protonation of the pH-sensing histidine induces local conformational changes within the loop of the IMC, driving a destabilization of the core that results in the degradation
of the IMC, a hypothesis that we have recently tested and found data to support [20]. Given the results presented
here, we can further speculate that differences in the stability of the IMCs of the PCs, modulated by the protonation status of pH-sensing histidine residues, may have been fine-tuned by nature over evolutionary time to allow
for the differential activation of the PCs within different compartments of the eukaryotic cell [32]. Only further
research can definitively answer these questions, and it is clear that insights from SbtE can be critical in making
important advances in the larger arena of protein folding, with implications bridging the gap between basic and
clinical science.

4. Conclusion
In the results presented above, we offer a mechanistic and energetic characterization of the unimolecular, IMCmediated maturation of pro-subtilisin E, with particular interest in how properties of the IMC, a propeptide that
is not part of the mature, functional protease, and affects the landscape of subtilisin folding. We propose that
there is a rapid hydrophobic collapse of SbtE that drives acquisition of tertiary structure via thermodynamic stabilization of the hydrophobic molten globular intermediate and the native state. From an evolutionary perspective, the need for biological regulation appears to have necessitated the IMC be intrinsically unstructured until
binding with its cognate protease. While relatively simple in comparison to the larger family of subtilases, especially eukaryotic subtilases such as the kexins and proprotein convertases, establishing the determinants and
landscape of folding in this IMC-dependent system can lend powerful insights into why nature has selected
chaperone-dependent versus chaperone-independent folding pathways in specific cases to allow for precise spatial and temporal regulation of protease activity.

5. Materials and Methods
5.1. Circular Dichroism Spectroscopy Measurements
CD measurements were performed on an automated AVIV 215 spectrophotometer maintained at 23˚C and spec-
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tra were taken between 190 to 260 nm as described earlier [42] [56] [57]. Protein concentrations were maintained between 0.25 mg to 0.4 mg ml−1. A 1 mm path-length cuvette was used to measure spectra except in case
of the IMC, where a 0.5 mm path-length cuvette was used. Each plot represents the average of 3 independent
scans.

5.2. Kinetics of Folding and Unfolding
Proteins were expressed and purified as described earlier [26] [40] [41]. Folding kinetics were measured by
monitoring changes in CD ellipticity, extrinsic fluorescence using ANS and intrinsic tryptophan fluorescence.
To monitor the kinetics by CD, Pro-SbtE (in 6 M GdnHCl, pH 4.8) was rapidly diluted into folding buffer (50
mM MES-NaOH, pH 6.5, 0.5 M (NH4)2SO4, 1 mM CaCl2), with or without 10% Glycerol, and changes in CD
ellipticity were monitored at 225 nm. To establish the effect of temperature, folding kinetics were monitored as
described above, from 4˚C - 25˚C. Changes in fluorescence were measured on a Hi-Tech SF61-DX2 stopped
flow fluorimeter using λexcitation of 295 nm and 310 nm band-pass filter, using similar conditions as the CD measurements. To monitor the initial hydrophobic collapse, 5 μM of ANS was included in the folding buffer. The
sample was excited at 390 nm and emission was monitored at 468 nm.
To estimate the kinetics of unfolding, fully folded Pro-S221A-SbtE was rapidly diluted into folding buffer
containing either 1.1 M GdnHCl or, 2.25 M GdnHCl and 10% glycerol, and the loss in structural content was
monitored by CD. The concentrations of denaturant represent conditions at which maximum fractions of intermediate (I) are seen at equilibrium. Folding curves were analyzed using GraphPad Prism and the temperature
dependence of the microscopic rate constant (ki) was analyzed according to the equation:

=
ki exp  Ai + Bi (T ° T ) + Ci ln (T ° T ) + ln T 

(1)

where:
Ai =  −∆C pi + ∆Si (T ° )  R + ln ( kb h )
Bi =  ∆C pi − ∆Si  R − ∆Gi (T ° ) RT °
Ci = −∆C pi R

Effect of ANS on folding: Pro-SbtE (200 nM) was folded in the presence of increasing amount of ANS (0 10 µM). 20 µl aliquots were taken at different time points after folding initiation, the reaction was stopped by
TCA, and samples were analyzed through SDS-PAGE and gel-scanning densitometry.
Equilibrium unfolding: Equilibrium folding-unfolding was monitored (CD at 222 nm) to obtain free-energy
differences for each transition as described [14] [16] [24] [58] [59]. The transitions are represented by at least
three-states [58], the native (N), intermediate (I) and unfolded states (U):


→ I ←

→U
N ←


K NI

K IU

(2)

The observed ellipticity (Aobs(c)) at any concentration of the denaturant is given by the sum of the contributions from the three states as [59] [60]:
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where fN (c), fI (c) and fU (c) are the fractions of the three states at a GdnHCl concentration of c (fN + fI+ fU = 1),
and AN, AI and AU are the ellipticity values of the N, I and U states, respectively. The fN, fI and fU terms are related to the equilibrium constants, KNI and KNU, of the unfolding transitions from N to I and from N to U, respecH2O
H2O
and ∆GNU
are the ∆GNI and∆GNU at 0 M GdnHCl, and mNIc & mNUc represent the dependence
tively. ∆GNI
of the respective free energy changes on c. The data were fitted using Prism Graphpad.

5.3. Kinetics of Activation
20 µl of denatured Pro-SbtE (100 μM in 6 M GdnHCl, pH 4.8) was rapidly mixed in 19,980 μl of the folding
buffer at 23˚C with 0.5 mM synthetic substrate (N-succ-AAPF-pNA). After 15 min the stirring was stopped and
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200 µl aliquots of the reaction mixture were transferred to a 96-well microplate. Subtilisin activity was monitored by release of p-nitroanilide measured at 405 nm in a microplate reader [18] [26] [42] maintained at the desired temperature. The time of activation was calculated from the X-axis intercept of the “none-to-all” transition
curve as described earlier [57] [61]. Ea was calculated from the Arrhenius plots obtained by measuring the activation rate at different temperatures. The activation was also monitored using SDS-PAGE. To analyze the effect
of a structured IMC on activation, 10% glycerol was added to the folding buffer and, activation was monitored
as discussed above.
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