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ABSTRACT
Most secreted bacterial proteases,
including ␣-lytic protease (␣LP), are synthesized
with covalently attached pro regions necessary for
their folding. The ␣LP folding landscape revealed
that its pro region, a potent folding catalyst, is
required to circumvent an extremely large folding
free energy of activation that appears to be a consequence of its unique unfolding transition. Remarkably, the ␣LP native state is thermodynamically
unstable; a large unfolding free energy barrier is
solely responsible for the persistence of its native
state. Although ␣LP folding is well characterized,
the structural origins of its remarkable folding
mechanism remain unclear. A conserved ␤-hairpin
in the C-terminal domain was identiﬁed as a structural element whose formation and positioning may
contribute to the large folding free energy barrier.
In this article, we characterize the folding of an ␣LP
variant with a more favorable ␤-hairpin turn conformation (␣LP␤-turn). Indeed, ␣LP␤-turn pro regioncatalyzed folding is faster than that for ␣LP. However, instead of accelerating spontaneous folding,
␣LP␤-turn actually unfolds more slowly than ␣LP.
Our data support a model where the ␤-hairpin is
formed early, but its packing with a loop in the
N-terminal domain happens late in the folding reaction. This tight packing at the domain interface
enhances the kinetic stability of ␣LP␤-turn, to nearly
the same degree as the change between ␣LP and a
faster folding homolog. However, ␣LP␤-turn has impaired proteolytic activity that negates the beneﬁcial folding properties of this variant. This study
demonstrates the evolutionary limitations imposed
by the simultaneous optimization of folding and
functional properties. Proteins 2005;61:105–114.
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INTRODUCTION
Nearly all secreted bacterial proteases are synthesized
with N- or C-terminal pro regions that are required to
facilitate their folding.1–3 Characterization of the folding
of ␣-lytic protease (␣LP),4 – 6 one of the best studied members of this class of proteins, revealed that in the absence of
©

its pro region the isolated protease domain folds extremely
slowly [t1/2 ⬃1700 y; Fig. 1(a)].4,7 Rapid folding of ␣LP only
occurs in the presence of its pro region (Pro), which
accelerates folding by a factor of ⬃109.4,6 Following formation of the native state, Pro is degraded, releasing the
active protease.8 Remarkably, the native state of ␣LP is
thermodynamically less stable than both the fully unfolded molecule and a molten-globule folding intermediate. Instead, the ␣LP native state is stabilized kinetically;
a large free energy of activation for unfolding (t1/2 ⬃1 y) is
solely responsible for the persistence of the native state.4,7,9
The generality of this folding mechanism was revealed
by the folding landscape of Streptomyces griseus protease
B (SGPB), a homolog of ␣LP [Fig. 1(b)].7 Both proteases
are characterized by large free energies of activation for
folding, surmounted only with the assistance of their pro
regions, and large free energies of activation for unfolding,
from which the proteins derive their kinetic stability.
However, SGPB, which folds with a smaller, less effective
pro region, has smaller free energies of activation for both
folding and unfolding. The size of the pro region seems to
correlate not only with its efﬁcacy as a folding catalyst, but
it also serves as an indicator of the magnitude of the
folding free energy barrier.7
The kinetic stability of ␣LP and SGPB, and presumably
all pro-proteases, allow them to attain an extraordinary
functional advantage. As extracellular bacterial proteases,
␣LP and SGPB degrade proteins to provide nutrients for
their host organisms, and therefore function in a highly
proteolytic environment. Thus, there is an evolutionary
advantage for these enzymes to optimize their resistance
to proteolytic destruction. Proteases require their substrates to be conformationally ﬂexible, for example, to
have loops or unfolded conformations, for efﬁcient sub-
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Fig. 1. Folding landscapes for ␣LP and SGPB at 0°C. Solid lines
depict the free energies of activation for folding and unfolding encountered by ␣LP (a) and SGPB (b). Dashed lines illustrate the effect of their
respective pro regions (P) on their folding proﬁles. The native state (N) of
␣LP is less thermodynamically stable than its intermediate state (I). In
contrast, the native state of SGPB is marginally stable compared to its
intermediate state. Free energies of activation were calculated from
folding and unfolding rates using transition state theory.48 The afﬁnities of
their pro regions for the ␣LP and SGPB native states were measured at
25°C.

strate binding and cleavage.10 –13 ␣LP and SGPB have
suppressed all local unfolding events7,9 that are typical of
most proteins,14 –16 such as partial unfolding of subdomains or small ﬂuctuations around the native structure
(breathing motions). The extremely cooperative nature of
their unfolding transitions results in reduced sensitivity to
exogenous proteolysis and extended functional lifetimes
for ␣LP and SGPB, compared to typical, thermodynamically stable proteins that fold independently, such as
trypsin.17 In fact, when ␣LP, SGPB, and trypsin are mixed
together in a protease survival assay, ␣LP and SGPB
outlast trypsin by factors of ⬃20 and ⬃8, respectively.7
Although the kinetic stability of ␣LP and SGPB gives
these proteins an important functional advantage, it comes
with large costs for folding and stability. An increase in
protease resistance by a factor of ⬃2.4 – 8 comes with a cost
of a factor of ⬃105 in the spontaneous folding rate, and a
loss of 5–10 kcal/mol of native state thermodynamic stability.7 Overcoming these penalties has necessitated the
coevolution of increasingly effective pro region folding
catalysts. This decoupling of the folding and native landscapes has allowed these proteases to attain native-state
properties that traditional proteins, subject to concurrent
evolutionary pressures on folding and function, cannot
reach.
Although the folding landscapes are well characterized, the structural origins of these unique folding
properties remain unclear. The crystal structure of Pro
bound to the ␣LP native state revealed that an extended
␤-hairpin (␣LP residues 118 –130) pairs with a threestranded ␤-sheet in the pro region to form a continuous
ﬁve-stranded ␤-sheet in the complex [Fig. 2(a)] (all ␣LP
and SGPB residue numbering is sequential).18 This
suggested that the pro region might play an important
role in forming and correctly positioning the ␤-hairpin.
This ␤-hairpin is conserved among all proteases of the
chymotrypsin superfamily that are associated with pro
regions, but is replaced by different structures or absent

in homologs that fold independently of their short
zymogen peptides.18 Furthermore, two variants of ␣LP
with alterations in the ␤-hairpin (V119I and N122K)
reduced the efﬁciency of pro region folding catalysis,
both in initial binding to the intermediate state and
stabilization of the folding transition state.19 Additionally, a screen for faster folding variants of ␣LP resulted
in a double mutant (R102H/G134S), located at the top of
the ␤-hairpin, whose spontaneous folding is 370 times
faster than WT ␣LP.20
Although the ␤-hairpin is conserved in both ␣LP and
SGPB, the conformation of the ␤-hairpin turn differs
between the two proteins [Fig. 2(b)]. A primary sequence
alignment of homologous pro-proteases indicated that the
conformation of the ␤-hairpin turn covaries with pro
region size. All proteases associated with short pro regions
adopt type I⬘ or type II⬘ turn geometries, while long pro
region-containing proteases adopt type I turns.21 A detailed survey of ␤-hairpin structures in 63 proteins revealed that type I⬘ and type II⬘ ␤-turns are the predominant conformations observed in ␤-hairpins.21 It was
proposed that these turn conformations are more compatible with the natural right-handed twist of the antiparallel
␤-sheet.22,23 Type I turns are far less frequent and may be
less stable in ␤-hairpins.21,24 Peptide studies have shown
that a favorable turn conformation can contribute ⬃0.5–1
kcal/mol of stability to the ␤-hairpin.25,26 Overall, this
suggests that the conformation of the ␤-hairpin turn in
␣LP is less stable than that found in SGPB, which may
contribute to the larger free energy of activation for folding
encountered by ␣LP.
To determine whether the conserved ␤-hairpin is a key
structural element involved in the large folding free energy barrier encountered by the pro-proteases, we tested
the role of the ␤-hairpin in the folding landscape of ␣LP by
replacing its turn with the more favorable turn sequence
from SGPB (␣LP␤-turn). Surprisingly, we ﬁnd that the
more favorable ␤-turn conformation results in an increase
in kinetic stability, rather than the expected faster folding.
However, this functional advantage is offset by the lower
proteolytic activity of the ␣LP␤-turn variant. The role of the
␤-hairpin begins to elucidate the structural origins of
kinetic stability and also highlights the evolutionary restrictions that result from the simultaneous optimization
of folding and functional properties.
MATERIALS AND METHODS
␣LP␤-turn Construct
To assess the impact of the ␤-hairpin turn conformation
on ␣LP folding, a mutant ␣LP (␣LP␤-turn) was created
where its ␤-hairpin turn (residues 124 –127: AEGA)27 was
replaced with that from SGPB (residues 122–126:
GGGDV).28 The plasmid pAlp12BamHI29 was digested
with AgeI and EcoNI to remove a 75 base pair fragment
containing the ␤-hairpin turn. An oligonucleotide cassette
(MWG Biotech, Inc.) containing the SGPB ␤-hairpin turn
sequence was ligated into the resulting AgeI- and EcoNIdigested plasmid, and was veriﬁed by double-stranded
sequencing (MWG Biotech, Inc.).
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Fig. 2. Crystal structure of ␣LP bound to its pro region. (a) The crystal structure of the native state of ␣LP is
shown in blue (N-terminal domain in light blue, C-terminal domain in dark blue), with the conserved ␤-hairpin
(residues 118 –130) shown in cyan and the side chains of the catalytic triad (His36, Asp63, and Ser143) shown
in red. The pro region, shown in green, binds to the C-terminal domain of the protease, with a three-stranded
␤-sheet in the pro region pairing with the conserved ␤-hairpin in the protease and the pro region C-terminal tail
inserted into the protease active site. (b) A detailed stereo view of the ␤-hairpin from the native ␣LP structure
bound to its pro region from panel a, with an aligned crystal structure of the SGPB ␤-hairpin shown in pink. The
␤-hairpin turn residues (␣LP residues 124 –127: AEGA;27 SGPB residues 122–126: GGGDV28) are shown with
ball-and-stick representation. The backbone of the loop in the ␣LP N-terminal domain (residues 59 – 62) that
contacts the ␤-hairpin, and the F59 and P60 side chains, are also shown with ball-and-stick representation. The
SGPB V126 geometry appears to be aligned such that the A127V substitution in ␣LP␤-turn could pack with
W119 in the pro region to enhance the afﬁnity of Pro for this variant. The SGPB D125 geometry appears to be
situated such that the G126D substitution could pack with ␣LP residues F59 and P60 in the N-terminal domain
loop in the ␣LP␤-turn variant. Figure prepared using PyMOL v. 0.97.49

WT ␣LP and ␣LP␤-turn Production and Puriﬁcation
Wild-type ␣LP was produced in liquid cultures of Lysobacter enzymogenes 495 (ATCC 29487),30 puriﬁed,31 and
denatured20 as described previously.
␣LP␤-turn was expressed with Pro, as a single continuous
polypeptide chain, in Escherichia coli strain D121032 as
described previously.33 The protein was partially puriﬁed
by cation exchange chromatography as described previously,31 except that the protein was washed and eluted at
pH 8.4. Any Pro that remained bound to the protease was
removed by treatment of the pooled ␣LP␤-turn-containing
fractions with pepsin as described previously.29 Further

puriﬁcation was achieved by Mono-S (Pharmacia) HPLC,
as described previously.31 A portion was denatured as
described previously.20 Protein purity was veriﬁed by
MALDI mass spectrometry. The concentration of ␣LP␤-turn
was determined by absorbance measurements (280 nm)
and dye binding.34,35
Pro Region Production and Puriﬁcation
Wild-type pro region was expressed in E. coli strain
BL21(DE3)/pLysS and puriﬁed as described previously,20
except that the 4 M urea, 200 mM sodium chloride, 10 mM
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citrate, pH 4.5 wash was omitted. Pro purity was veriﬁed
by denaturing SDS–PAGE.
Pro-catalyzed Refolding
Catalyzed refolding experiments were performed as
described,20 maintaining a 16-fold excess of Pro. The
biphasic refolding progress curves ([Pro] from 5 to 55 M)
were ﬁt to a ﬁve-parameter double exponential to determine the relative contribution of each rate constant to the
overall folding process. The amplitudes of the two phases
were then ﬁxed at the consensus ratio of 70/30 (fast
phase/slow phase), determined from the ﬁve-parameter
double exponential ﬁt, and the data were reﬁt to a threeparameter double exponential.19,20,36 The rate constants
for the fast phase as a function of Pro concentration were
ﬁt to a variant of the Michaelis-Menten equation19,20 to
determine kcat and KM. The rate constants for the slow
phase were averaged to determine k⬘cat, and ki was calculated from the equality of the ratios of the fast phase to the
slow phase and ki to kcat.

RESULTS
Pro-catalyzed Refolding of ␣LP␤-turn
Previous studies of the folding landscapes of ␣LP and
SGPB indicate that a smaller pro region size correlates
with a lower free energy of activation for folding.7 Because
the turn conformation of the conserved ␤-hairpin covaries
with pro region size, we expected that replacing the WT
␣LP ␤-hairpin turn with that from SGPB would result in
faster folding. We ﬁrst characterized the pro regioncatalyzed refolding of ␣LP␤-turn. As with WT ␣LP,5 when
␣LP␤-turn is diluted from denaturant it rapidly converts to
a molten globule intermediate state (Int), with no appreciable folding to the native state (data not shown). Pro
catalyzes the folding reaction, resulting in the rapid
formation of the native state. As expected, the refolding
progress curves display biphasic kinetics [Fig. 3(a)], described by the kinetic scheme:19,20

Pro Inhibition of ␣LP␤-turn Activity
The afﬁnity of Pro for the native state of ␣LP␤-turn was
determined from its ability to competitively inhibit
␣LP␤-turn proteolytic activity as described previously.19,36
The apparent Ki was determined from a ﬁt of the data to
the tight-binding inhibitor equation.6,19
Uncatalyzed Refolding
The spontaneous refolding of ␣LP␤-turn (3 M) and WT
␣LP (3 M) were assayed as described previously.20 The
rate constant (kf) was determined from a linear ﬁt of the
fraction of ␣LP␤-turn or WT ␣LP refolded as a function of
time.
Unfolding
Unfolding experiments were carried out as described
previously,37 except the reactions contained 1.5 M
␣LP␤-turn, and ﬂuorescence was measured at 0°C using a
Fluoromax-3 (J.Y. Horiba) with an excitation wavelength
of 290 nm. Unfolding rate constants were determined from
a three-parameter exponential ﬁt of the data. The unfolding rate in the absence of denaturant (ku) was extrapolated
from a linear ﬁt of the logarithm of the observed rate
constants as a function of denaturant.
Autolysis
␣LP␤-turn (4 M) was incubated at 0°C in 10 mM
potassium acetate, 6.32 M guanidine hydrochloride, pH
5.0 or 10 mM HEPES, 6.38 M guanidine hydrochloride, pH
7.0. The concentration of guanidine hydrochloride in each
reaction was determined from refractive index measurements.38 Loss of protease activity over time was assayed as
described previously,39 and the data were ﬁt to a threeparameter exponential decay.
Data Analysis
All data analysis was performed using Kaleidagraph v.
3.6 (Synergy Software Technologies, Inc.).

where the top line describes the fast, Pro-catalyzed folding
of Int, to the native state-Pro complex (Nat 䡠 Pro), and the
bottom line describes an alternate isomerization pathway.
In this alternate pathway, the Michaelis complex (Int 䡠
Pro) isomerizes to an alternate (Int 䡠 Pro)⬘ conformation
that folds more slowly than the (Int 䡠 Pro) complex.19 The
concentration dependence of the observed rate constants
for the fast phase [Fig. 3(b)] reveals that the afﬁnity of Pro
for the ␣LP␤-turn intermediate state (KM) is ⬃2 times
tighter and the Pro-catalyzed refolding rate (kcat) for
␣LP␤-turn is ⬃1.5 times faster compared to WT ␣LP (Table
I). The observed rate constants for the slow phase are
independent of Pro concentration [Fig. 3(c)], and they
indicate that the formation of the isomerized Michaelis
complex (ki) and its slow folding to the native state (k⬘cat)
are both ⬃3 times faster than WT ␣LP (Table I).
The pro region not only catalyzes the folding reaction,
but also stabilizes the native state of ␣LP␤-turn to favor the
folded product. The afﬁnity of Pro for the ␣LP␤-turn native
state was assessed by Pro’s ability to inhibit its proteolytic
activity [Fig. 3(d)]. Pro’s stabilization of the ␣LP␤-turn
native state is ⬃3 times greater than that for WT ␣LP
(Table I).
Spontaneous Refolding of ␣LP␤-turn
Because type I⬘ turns are more favorable in ␤-hairpins
than type I turns, we expected that the faster refolding of
␣LP␤-turn in the presence of Pro would extend to the
uncatalyzed folding reaction. Therefore, we measured the
rate of spontaneous ␣LP␤-turn refolding by monitoring the
increase in folded product over time [Fig. 4(a)]. Because
the spontaneous refolding is so slow, it was necessary to
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Fig. 3. Pro-catalyzed folding of ␣LP␤-turn. (a) The folding of 0.31 M ␣LP␤-turn was catalyzed by 5 M Pro.
The folding rate constants, kobs,fast ⫽ 0.0100 ⫾ 0.0005 s⫺1 and kobs,slow ⫽ 0.0025 ⫾ 0.0004 s⫺1, were
determined from a ﬁt of the resulting progress curve. (b) The concentration dependence of the rate constants
for the fast phase of Pro-catalyzed refolding of ␣LP␤-turn is well ﬁt by a variant of the Michaelis-Menten
equation19,20 [kcat ⫽ 4.3 (⫾0.3) ⫻ 10⫺2 s⫺1, KM ⫽ 11 ⫾ 2 M]. Error bars indicate the standard error in the ﬁts of
the refolding progress curves, as in (a), for each reaction. For reference purposes, the dotted line depicts the
Pro-catalyzed refolding of WT ␣LP.20 (c) The Michaelis complex isomerizes to a slow folding state [ki ⫽ 1.8)
(⫾0.1) ⫻ 10⫺2 s⫺1]. The rate constants for this slow phase of Pro-catalyzed refolding of ␣LP␤-turn are
independent of Pro concentration [average k⬘cat ⫽ 4 (⫾1) ⫻ 10⫺3 s⫺1, solid line]. Error bars indicate the
standard error in the ﬁts of the refolding progress curves, as in (a), for each reaction. The dotted line indicates
the WT ␣LP slow phase of Pro-catalyzed refolding.20 (d) ␣LP␤-turn proteolytic activity was measured in the
presence of increasing amounts of Pro. The resulting tight-binding inhibition was ﬁt to determine the afﬁnity of
Pro for the native state of ␣LP␤-turn (Ki ⫽ 0.1 ⫾ 0.1 M). The dotted line depicts the tight binding of Pro to the WT
␣LP native state.

utilize a highly sensitive peptide thiobenzyl ester substrate to measure the initial rate of the refolding reaction.
Surprisingly, this analysis showed that ␣LP␤-turn spontaneously refolds at essentially the same rate as WT ␣LP
[Fig. 4(a), Table I].

␣LP␤-turn Unfolding
Although the slow folding and unfolding rates of
␣LP␤-turn prevent a direct measurement of its equilibrium
stability, the equilibrium constant can be calculated from
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TABLE I. Kinetic and Afﬁnity Constants
kcat (s⫺1)
KM (M)
ki (s⫺1)
k⬘cat (s⫺1)
Ki (nM)
kf (s⫺1)
ku (s⫺1)
⌬Gu (kcal/mol)

␣LP␤-turn

Wild-type ␣LP

4.3 (⫾0.3) ⫻ 10⫺2
11 ⫾ 2
1.8 (⫾0.1) ⫻ 10⫺2
4 (⫾1) ⫻ 10⫺3
0.1 ⫾ 0.1
2.0 (⫾0.2) ⫻ 10⫺11
8.3 (⫾0.9) ⫻ 10⫺9
⫺3.3

3.2 (⫾0.3) ⫻ 10⫺2(a)
24 ⫾ 6a
5.7 (⫾0.5) ⫻ 10⫺3(c)
1.53 (⫾0.01) ⫻ 10⫺3(a)
0.32 ⫾ 0.06(b)
2.2 (⫾0.2) ⫻ 10⫺11
2.1 (⫾0.2) ⫻ 10⫺8(d)
⫺3.7

a

Taken from Derman and Agard.20
Taken from Peters et al.19
c
A. Derman, unpublished results.
d
Extrapolated from Jaswal et al.37
b

the ratios of the spontaneous folding and unfolding rates.
Because the uncatalyzed refolding rate of ␣LP␤-turn is
essentially identical to that for WT ␣LP, any extra stability of ␣LP␤-turn compared to WT ␣LP would be manifest in
a slower unfolding rate. The unfolding of ␣LP␤-turn was
monitored by intrinsic tryptophan ﬂuorescence in the
presence of varying concentrations of denaturant. The
unfolding rate in the absence of denaturant was extrapolated from the denaturant dependent unfolding data [Fig.
4(b)] and found to be ⬃2.5 times slower than that for WT
␣LP (Table I). This corresponds to an increase in the
stability of the native state by ⬃0.4 kcal/mol, thereby
reducing the thermodynamic instability of the native
state, with respect to the intermediate state, to ⫺3.3
kcal/mol.
Kinetically stable pro-proteases gain functional longevity from their extremely cooperative unfolding behavior in
which all relevant partial unfolding events are suppressed.7,9 Therefore, we tested the cooperativity of
␣LP␤-turn’s unfolding by monitoring the loss of activity
over time under highly proteolytic conditions. The rate of
␣LP␤-turn autolysis [Fig. 4(c)] is the same as its unfolding
rate under the same conditions. Furthermore, allowing the
autolysis to proceed at a higher pH where the enzyme is
more active did not accelerate the inactivation (data not
shown) demonstrating that the unfolding reaction is rate
limiting.
Catalytic Activity of ␣LP␤-turn
Because Pro-catalyzed folding of ␣LP␤-turn is faster than
that for WT ␣LP, and ␣LP␤-turn unfolding is slower than
WT ␣LP, it seems surprising that WT ␣LP never evolved to
adopt the more favorable ␤-hairpin turn conformation.
Concerned that there might have been an impact on the
catalytic efﬁciency of ␣LP’s proteolytic activity, especially
in light of the proximity of the ␤-hairpin turn to the
protease active site, we measured the ability of ␣LP␤-turn
to cleave a peptide substrate (Fig. 5). A Michaelis-Menten
analysis of the data revealed a factor of ⬃11 decrease
(kcat/KM) in proteolytic activity for ␣LP␤-turn compared to
that of WT ␣LP (R. Peters, unpublished data): kcat is ⬃3
times slower and KM is ⬃3.5 times weaker.

DISCUSSION
The identiﬁcation of SGPB as a closely related ␣LP
homolog with a nearly identical native structure,40 – 42 but
different folding energetics7 allows for a detailed investigation of the structural origins of their large folding and
unfolding free energies of activation. Based on its conservation in pro region-containing family members and its
involvement in pro region interactions, we focused on the
role of the ␤-hairpin in ␣LP folding, by substituting the
more favorable SGPB ␤-hairpin turn conformation into
␣LP (␣LP␤-turn).
Comparison of the folding landscapes of ␣LP and SGPB
revealed that pro region size provides an indicator of both
pro region efﬁcacy and uncatalyzed folding energetics.7
Because the ␤-hairpin turn conformation covaries with pro
region size, and type I⬘ turns are more favorable in
␤-hairpins than type I turns,24 –26 we expected that the
spontaneous folding of ␣LP␤-turn would be faster than that
for WT ␣LP. Surprisingly, we found that ␣LP␤-turn and WT
␣LP spontaneously fold at the same rate (Table I). Instead,
the unfolding rate is affected; ␣LP␤-turn unfolds ⬃2.5 times
more slowly than WT ␣LP (Table I). Although this difference may be small, it corresponds to a ⬃0.4-kcal/mol
increase in ␣LP␤-turn native state stability compared to
that for WT ␣LP (Table I). This is comparable to the
stability increase observed for favorable turn conformations in isolated ␤-hairpin peptides.25,26 Furthermore, this
effect of the ␤-turn mutation on kinetic stability is comparable in magnitude to the observed differences in kinetic
stability between WT ␣LP and SGPB at physiological
temperatures.7
Comparison of the spontaneous folding and unfolding
rates for ␣LP␤-turn and WT ␣LP provides evidence for two
potential models for ␣LP folding. The spontaneous folding
rate for ␣LP␤-turn is the same as that for WT ␣LP, but the
unfolding rate for ␣LP␤-turn is ⬃2.5 times faster than that
for WT ␣LP (Table I). These data suggest that the ␤-hairpin is formed late in the folding reaction. However, because ␣LP␤-turn involves multiple substitutions, the folding and unfolding rates of this variant could report on
either the formation of the ␤-hairpin or on interactions
between the ␤-hairpin and the rest of the protein. Therefore, our data are also consistent with an alternative model
where the ␤-hairpin may be formed early in the folding
reaction, but its tight packing with a loop in an antiparallel ␤-sheet in the N-terminal domain of the protease (Fig.
2) may happen late in the folding reaction and be the most
kinetically relevant process.
Because it was suggested that the ␣LP folding pathways with and without Pro catalysis share a remarkably
similar folding transition state,20 the Pro-catalyzed
folding of ␣LP␤-turn may provide the means to distinguish between these two models for the role of the
␤-hairpin. The afﬁnities of Pro for the folding transition
state and the native state of ␣LP␤-turn are both ⬃3 times
greater than those found for WT ␣LP. Additionally, the
isomerization of the Michaelis complex and its subsequent slow conversion to the native state are also ⬃3
times faster than found for WT ␣LP (Table I). Together,
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Fig. 4. ␣LP␤-turn folding and unfolding rates. (a) The rate of uncatalyzed folding of ␣LP␤-turn and WT ␣LP
were calculated from linear ﬁts of the fraction folded as a function of time [␣LP␤-turn kf ⫽ 2.0 (⫾ 0.2) ⫻ 10⫺11
s⫺1,WT ␣LP kf ⫽ 2.2 (⫾0.2) ⫻ 10⫺11 s⫺1]. (b) Unfolding of ␣LP␤-turn was measured in the presence of various
concentrations of denaturant. Linear extrapolation of the observed unfolding rate constants yielded the
unfolding rate in the absence of denaturant [ku ⫽ 8.3 (⫾0.9) ⫻ 10⫺9 s⫺1]. Previously measured denaturant
dependent WT ␣LP unfolding rate constants are shown as open circles and the linear extrapolation of these
data is shown as a dotted line.4 Although those data were measured at 4°C, using an analysis of the complete
temperature dependence of WT ␣LP unfolding,37 it is possible to extrapolate the unfolding rate constant at 0°C,
which is shown as an open square. (c) The rate of ␣LP␤-turn autolysis in 6.32 M denaturant was determined by
monitoring the loss of active protease over time [kautolysis ⫽ 9.8 (⫾0.1) ⫻ 10⫺4 s⫺1]. The autolysis of ␣LP␤-turn
occurs at approximately the same rate as the global unfolding of the protease under the same buffer conditions,
extrapolated from (b) and shown by a dashed line (kobs ⫽ 8.8 (⫾9.7) ⫻ 10⫺4 s⫺1). This demonstrates that
unfolding, rather than proteolysis, is rate limiting.

these data suggest that the ␤-hairpin is formed early in
the folding reaction, because the Pro-transition state
and Pro-native state interactions are enhanced to the
same degree in ␣LP␤-turn compared to WT ␣LP. What
then is the structural basis for the enhanced Pro interactions observed with ␣LP␤-turn? Overlaying the crystal

structures of the complex of WT ␣LP bound to Pro18 and
the unbound SGPB42 suggest that these tighter interactions may result from the A127V substitution, which
could alter packing with W119 in the C-terminal domain
of the pro region [Fig. 2(b)]. The Val in the aligned SGPB
␤-hairpin is ⬃4.5 Å from the Trp in the pro region,
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Fig. 5. ␣LP␤-turn substrate cleavage activity. The concentration dependence of the substrate cleavage activity of ␣LP␤-turn was ﬁt to the
Michaelis-Menten equation to determine the enzymatic parameters,
kcat ⫽ 31 ⫾ 1 s⫺1 and KM ⫽ 17 ⫾ 1 mM. This corresponds to a factor of
⬃11 decrease in catalytic efﬁciency compared to WT ␣LP (kcat/KM ⫽
19,400 M⫺1 s⫺1) (R. Peters, unpublished data), which is illustrated by the
dotted line.

suggesting that it could form a favorable interaction in
the Pro-␣LP␤-turn complex.
Because the ␤-hairpin appears to be formed early, it is
likely that the precise packing of the ␤-hairpin with the
loop in the N-terminal domain of the protease (Fig. 2)
forms late in the folding reaction, contributing to the
kinetic stability of the protease. Speciﬁcally, the Asp
residue in the ␣LP␤-turn variant may enhance the ␤-hairpin’s afﬁnity for the loop in the N-terminal domain. The
Asp C␤ in the aligned SGPB ␤-hairpin is ⬃4 Å from ␣LP
residues F59 and P60 [Fig. 2(b)], indicating that the
G126D substitution could enhance interactions with these
residues. Thus, the tight packing of the ␤-hairpin with the
loop in the N-terminal domain of the protease appears to
be important for enhancing the kinetic stability of
␣LP␤-turn beyond that for WT ␣LP. Moreover, this would
suggest that these crossdomain interactions occur after
the formation of the rate-limiting folding transition state.
Tight packing occurring throughout the protease appears to be a hallmark of the ␣LP native state, and is
believed to be a crucial determinant of its remarkable
protease resistance.9,43 The ultrahigh resolution crystal
structure of ␣LP revealed such a high degree of packing
that a Phe in the core of the C-terminal domain is actually
distorted from planarity.40 Hydrogen-deuterium exchange
experiments demonstrated that ␣LP has extremely large
protection factors spread throughout the entire protein,9
and not localized to a small core, as is typical for most
proteins.44 Our study suggests that optimizing the packing of substructures, especially in the domain interface,
can signiﬁcantly enhance the kinetic stability of the protease.
␣LP has been optimized through evolution to have
extremely slow unfolding that limits its susceptibility to

exogenous proteolysis. However, the costs of these unique
native-state properties are dramatic reductions in the rate
of spontaneous folding and native-state thermodynamic
stability, and they have necessitated the coevolution of its
pro region folding catalyst.7 Because ␣LP␤-turn has even
slower unfolding and faster Pro-catalyzed folding than WT
␣LP, it seems surprising that ␣LP did not evolve a more
favorable ␤-hairpin turn conformation. We ﬁnd that
␣LP␤-turn has signiﬁcantly impaired proteolytic activity
that negates the beneﬁts of the ␤-hairpin conformation for
folding (Fig. 5). Intriguingly, although ␣LP and SGPB
have different substrate speciﬁcities, preventing a direct
comparison of their catalytic efﬁciencies, the ␣LP kcat for
substrate cleavage is ⬃3 times faster than that for SGPB
(R. Peters, unpublished data and ref. 45). SGPB and SGPC
both have the same substrate speciﬁcity, but differ in their
pro region folding catalysts. The proteolytic efﬁciency of
SGPC, which is synthesized with a long pro region, is ⬃3
times faster than that for SGPB.45 Therefore, this evolutionary trade-off between folding and proteolytic activity
may be quite general. The acceleration of the pro regioncatalyzed folding pathway from the more favorable ␤-turn
conformation may be more critical for proteases synthesized with less effective short pro regions, thus balancing
the penalty in proteolytic activity.
The role of the ␤-hairpin in enhancing the kinetic
stability of ␣LP␤-turn, but reducing ␣LP␤-turn’s proteolytic
activity, appears to delineate the limitations imposed by
the concurrent evolution of folding and functional properties. ␣LP has optimized both its folding and its nativestate properties to a remarkable degree due to the decoupling of its folding and functional landscapes through the
transient association of Pro. As a result, ␣LP is able to
suppress partial unfolding events to achieve increased
resistance to exogenous proteolysis, even though this is
accompanied by enormous costs in folding and stability.
This optimization is even seen in a thermodynamic analysis of the free energies of activation for unfolding and
folding. Unlike thermodynamically stable proteins, the
kinetically stable ␣LP and SGPB have simultaneously
optimized three key parameters (the unfolding free energy
of activation, the temperature of the maximum unfolding
free energy of activation, and the change in heat capacity
upon unfolding). Accordingly, the folding transition for
␣LP violates a seemingly universal behavior observed for
traditional proteins.37 Together, these data hint at the
fundamental differences in composition and structure that
underlay ␣LP’s remarkable native-state properties.
Computational design and in vitro evolution show that,
in general, the optimization of either folding or function
can be extended beyond that achieved by natural evolution. Baker and coworkers demonstrated that proteins
computationally redesigned in the absence of pressure for
proper native-state function can fold and unfold much
more rapidly than their parent proteins.46 Bloom et al.
show that function is evolved in vitro more efﬁciently when
pressures on protein stability are reduced.47 These examples demonstrate the complex limitations imposed by
the concurrent evolution of folding and functional proper-
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ties. ␣LP has achieved remarkable optimization of its
native-state properties by decoupling its folding and functional landscapes through its transiently associated pro
region folding catalyst. However, the ␣LP␤-turn variant,
with its faster catalyzed folding and enhanced kinetic
stability, but lower proteolytic efﬁciency, demonstrates
that some limitations imposed by this evolutionary balance still remain.
CONCLUSION
Characterization of the folding landscape of a variant of
␣LP with a more favorable turn conformation begins to
elucidate the mechanism by which ␣LP attains its extreme
kinetic stability. Remarkably, the altered ␤-hairpin of
␣LP␤-turn selectively enhances the kinetic stability of the
protease: it increases the free energy of activation for
unfolding, while the free energy of activation for folding
remains unchanged. Despite this potential advantage, this
variant was not naturally selected for due to its reduced
proteolytic activity. Our analysis shows that increasing
tight packing of substructures within the protease, particularly at the domain interface, can have a signiﬁcant impact
on the kinetic stability of the protein. Moreover, it highlights the evolutionary restrictions imposed by the need to
simultaneously optimize folding and functional properties.
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