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Thermodynamics, Kinetics and Landscapes in o-lytic Protease:

A Role for Pro Regions and Kinetic Stability

Sheila S. Jaswal

Laboratory of Dr. David A. Agard

ki
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The folding of the extracellular serine protease, a-lytic protease (0LP) reveals a

“
4

novel mechanism for stability that appears to lead to a longer functional lifetime for the

i
Vo

protease. We demonstrate that for aLP, stability is based not on thermodynamics, but on

Qb

e o
| S ‘

kinetics: both an intermediate and the completely unfolded molecule are more stable than

L
\

VAT

the native state. This has required the co-evolution of a pro region to facilitate folding by

stabilizing both the folding transition state and the native state. The pro region is then

Ly

proteolytically degraded, leaving the active oLP trapped in a metastable conformation by

W\

a large barrier to unfolding. The result has been the optimization of native state properties
independent of their consequences on thermodynamic stability.

Despite its position at the global free energy minimum of the aLP folding
landscape, the intermediate state is confirmed as a molten globule through exposure of
hydrophobic surface area, and shown to aggregate, possibly in an ordered manner, at high
temperatures. It is 50% folded, based on burial of surface area, and is stabilized
entropically over the native state.

Further exploration of aLP's conformational landscape leads to a thermodynamic
understanding of kinetic stability and a physical model for the high energy transition

state. Additionally, based on the complete determination of the unfolding kinetics of

xiv



aLP, we demonstrate that current models for analysis of unfolding by denaturant are
inadequate for describing the temperature and guanidine chloride dependent changes in
the unfolding data.

The transition state is highly native-like, with more than 80% surface area buried.
Folding to the transition state leads to an entirely entropic penalty (at 10 °C), while
enthalpy is favorable. Unfolding to the transition state results in a large ACpy rs,
indicating significant exposure of hydrophobic surface area. This leads to an overall
unfavorable entropy change, due to ordering solvent around that newly exposed surface
in the transition state, which outweighs the gain in configurational entropy (at 10 °C).
However, the transition state appears to have similar enthalpic stabilization to the native
state. Therefore we propose a model for the transition state consisting of the two
domains primarily natively folded, but separated at their interface, creating a solvent-
exposed crevice, leading to an entropic but not enthalpic basis for aLP's kinetic stability.

Finally, we demonstrate that oLP has an enhanced ability to resist proteolysis and
autoproteolysis under highly degradatory conditions. Therefore we propose that aLLP's
metastability may be a consequence of pressure to evolve properties of the native state,
including a large, highly cooperative barrier to unfolding, and extreme rigidity, that
reduce susceptibility to proteolytic degradation. Kinetic stability as a means to longevity
is likely to be a mechanism conserved among the majority of extracellular bacterial pro-
proteases, and may emerge as a general strategy for extracellular eukaryotic proteases

subject to harsh conditions as well.
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Introduction
Background

Virtually all extracellular bacterial proteases are synthesized as precursor
molecules with pro regions. In every case where the function of the pro region has been
investigated, it has been found to be necessary for folding and secretion (Baker et al.,
1993). One of the most striking and best studied examples of pro-mediated folding is the
bacterial enzyme, a-lytic protease. a-Lytic protease (0LP) is a 198 residue serine
protease secreted by the gram negative soil bacterium Lysobacter enzymogenes to
degrade other soil microorganisms.

The overall three-dimensional fold of oLP clearly places it in the same family as
the mammalian digestive serine proteases chymotrypsin, trypsin and elastase, despite
only moderate sequence homology (Brayer et al., 1979). In contrast to these mammalian
homologues, whose small N-terminal zymogen peptides simply prevent premature
activation, oLP is synthesized with a large 166 residue N-terminal pro region (Pro)

(Figure 1) that is required for proper folding of its mature protease domain (Silen, 1989).

—166 aa i 198 aa—

Ll proregion [ . mature
Figure 1. aLP precursor.

In vivo, co-expression of aLP and Pro, either in cis as the natural precursor molecule, or

in trans as two separate polypeptide chains, results in the secretion of active aLP,
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whereas expression of aLP alone leads to accumulation of the protease in the outer

membrane due to apparent misfolding (Silen and Agard, 1989) (Figure 2).

a)

b)[T

Figure 2. Requirement of pro region in vivo. a) If just the mature protease is expressed,
no active enzyme is produced. However, if the pro region is provided, either b) in cis, as
in the natural precursor enzyme, or ¢) in trans as a separate polypeptide, high levels of
active enzyme are recovered.

In vitro refolding studies demonstrated that this requirement of the pro region is for
proper folding of the protease. When chemically denatured, then diluted into
physiological conditions, oLP refolds to an inactive intermediate, instead of the native
conformation (Baker et al., 1992b). This intermediate persists for months, only
converting to the active enzyme on the time-scale of millennia (Sohl et al., 1998). With

the addition of the pro region, folding to the native conformation occurs in seconds

(Baker et al., 1992b).

milionia...
@ o S8 (R e D
—_ b) +pro
saconds 5,

Unfoided alLP
Native olP
Immmm olP

Figure 3. Requirement of pro region in vitro. Refolding in the absence of pro leads to an
intermediate a) which only folds to native oLP in millennia. b) Addition of pro to
intermediate leads to rapid refolding to native oLP.



The fact that the intermediate and native states exist under the same conditions
without inter-converting in the absence of the pro region indicates that they are separated
by a large kinetic barrier. To surmount this high barrier to folding, oLP has co-evolved
the pro region, which can assist the folding of aLP when supplied in cis or trans.
Emerging structural and energetic details of pro-mediated folding may define a theme for
the folding of a wide range of homologous extracellular proteases that also contain pro

regions.

Energetics of Pro-mediated Folding

Addition of Pro to I results in rapid folding to the N state (0.037 scc") and
recovery of functional protease (Fig. 4; (Sohl et al., 1998)). Pro acts as a foldase,
facilitating oLP folding by binding tightly to the folding transition state of the protease,
lowering the barrier by 18.2 kcal/mol. In this manner, Pro serves as a potent catalyst,

increasing the rate of aLP folding by 3x10°. In addition, Pro is the tightest binding

inhibitor known for the native protease (K; = 3x101° M; (Peters et al., 1998), (Baker et
al., 1992a)), making Pro a single turnover catalyst. The product of the folding reaction is
not active aLP, but the inhibitory complex. Release of active oLP requires that the Pro
region be removed by proteolysis, which occurs naturally via oLP or another co-secreted

protease.
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Figure 4. Free energy diagram of aLP folding. In the absence of its pro region (P) at 4
°C, unfolded oLP (U) spontaneously folds to a molten globule-like intermediate (I),
which proceeds at an extremely slow rate to the native state (N) through a high energy
folding transition state (TS). The addition of pro region provides a catalyzed folding
pathway (denoted by blue lines) that lowers the high folding barrier and results in a
thermodynamically stable inhibition complex (NeP).

Structures of Pro and Pro*alLP complex

Recently determined crystal structures of Pro and the ProsN complex illuminate
ProealLP interactions (Sauter et al., 1998). Alone, Pro adopts a novel C-shaped o/f fold,
consisting of an N-terminal helix, two compact globular domains (N-domain, C-domain)
connected by a nearly rigid hinge region and a C-terminal tail (Fig. 5a). Each globular
domain contributes a three-stranded B-sheet to the concave surface of the molecule and at
least one a-helix which packs against these B-sheets to form the convex surface. The N-
terminal helix appears highly flexible, changing orientations in different crystal
environments. Two of the three Pro molecules in the crystallographic asymmetric unit

show different conformations for the N-terminal helix while the third molecule reveals
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the helix to be disordered. Similarly, the C-terminal tail is unseen in the Pro structure,

apparently disordered in unbound Pro.

b
2

g8

SGPA
SGPB

Fig. 5 a) Topology of Pro as described in the text. A disordered loop in the Pro C-domain
is shown in red. b) Schematic of primary sequence alignments of pro regions from 9
bacterial serine proteases. Alignments were determined using the alLP Pro structure as a
guide. Regions of sequence homology correspond to specific secondary structures in the
Pro structure, with the Pro C-terminal domain being the most conserved region. N-
terminal sequences lacking homology are depicted by thin black lines. aLP, L.
enzymogenes o.-lytic protease (Silen et al., 1988); SGPC, S. griseus protease C (Sidhu et
al., 1994); RPI, R. faecitabitus protease I (Shimoi et al., 1992); SGPD, S. griseus protease
D (Sidhu et al., 1995); SGPE, S. griseus protease E (Sidhu et al., 1993); TFPA, T. fusca
serine protease (Lao and Wilson, 1996); SAL, §. lividans protease (Binnie et al., 1996);
SGPA, S. griseus protease A (Henderson et al., 1987); SGPB, S. griseus protease B
(Henderson et al., 1987).

Sequence comparisons with homologous pro-proteases suggest that the Pro structure may
be a common pro region fold. Primary sequence alignments of Pro and eight related pro

regions (Fig. 5b) indicate that despite a wide range of pro region sizes, these homologous
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pro regions share common secondary structure elements, the most conserved region being
that of the Pro C-terminal domain. These pro regions appear compatible with the Pro
structure and presumably exhibit similar mechanisms of foldase activity.

In the case of aLP, ProsN complex formation does not significantly alter the Pro
structure (Fig. 6a). This is surprising since the pro region by itself has quite limited
stability (T, = 25 °C, 2.3 kcal/mol; (Anderson et al., 1999)), while ProeN complex is
greatly stabilized (13.6 kcal/mol; (Sohl et al., 1998)). However, the only notable
differences are seen in the structuring of the C-terminal tail and the positioning of the
flexible N-terminal helix upon protease binding. As expected for a tight binding
inhibitory complex, the ProeN complex structure buries a very large surface (> 4,000 A%)

in its intermolecular interface.
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Fig. 6 a) Ribbon diagram of the ProeN complex structure. The oLP N- and C-domains
are colored magenta and blue respectively, with the side chains of the catalytic triad
shown in red (His57, Asp102 and Ser195; chymotrypsin numbering). Illustrated in
green, bound Pro inserts its C-terminal tail into the protease active site. A disordered
loop in the Pro C-terminal domain, indicated by an arrow, presents a likely secondary
protease cleavage site, leading to the release of active aLP from the inhibitory complex.
b) Detail of the hydrated ProeN interface. A gap between Pro (green) and the oLP C-
domain (blue) is filled by ordered water molecules which are shown as red spheres.
Some of these waters mediate hydrogen bonds (dashed orange lines) between the alLP B-
hairpin and the Pro three stranded B-sheet which form the shared five-stranded b-sheet of
the ProeN interface. Residues in the oLP B-hairpin that affect formation of the initial
Proe]l Michaelis complex (Ile167 and Asn170) are displayed in yellow. Figures modified

from figures 2b and 3b (Sauter et al., 1998).

The most striking feature of the complex structure is the fact that Pro binds almost
exclusively to the aLP C-domain, effectively surrounding the oLP C-terminal B-barrel.
This observation raises the distinct possibility that it is the oLP C-domain that cannot
fold properly and is therefore the focused substrate of Pro foldase activity. In support of
this, recent mutagenesis studies indicate that the structuring of the protease C-domain is
an integral part of the high folding barrier. Screens of libraries of chemically

mutagenized oLP reveal that mutations that lower the folding transition state (as much as

3 kcal/mol) all map to the C-domain of the protease (Derman and Agard, 2000). The
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most extensive and complementary interactions in the ProsN interface occur between the
protease and the Pro C-terminal domain. In particular, the three-stranded B-sheet in the
Pro C-domain pairs with an extended B-hairpin in the oLP C-domain (oLP residues 166-
179; chymotrypsin numbering) to form a continuous five-stranded B-sheet. Additional
interactions come from the insertion of the Pro C-terminal tail into the protease active
site. The Pro C-tail binds in a substrate-like manner to directly occlude the protease
active site, as predicted by biochemical data (Sohl et al., 1997). Placement of the C-tail

also provides a binding pocket for the tip of the B-hairpin.

aLP folding barrier and Pro foldase mechanism

The integration of prominent features of the complex structure with mutagenesis
studies on both Pro and olLP provides significant insights into the origin of the folding
barrier and the mechanism of Pro-catalyzed folding. Because Pro acts as a folding
catalyst, it is possible to use modified Michaelis-Menten kinetics to extract functional
information about the folding reaction (Peters et al., 1998). This analysis provides
information on the formation of the ProeI Michaelis complex (K,,) and the stabilization of
the folding transition state (k). In addition, the stability of the ProsN complex can be
assessed by measuring the inhibition of peptide substrate hydrolysis by Pro (K;).

Mutations within the oLP B-hairpin loop alter both K, and k,, (Peters et al.,
1998). The K, effects reveal that formation of the shared B-sheet must occur in the first
step of Pro catalyzed folding, while the k., effects indicate that this extended sheet
continues to play a role during folding catalysis. Unlike these hairpin mutations,

removing residues from the Pro C-tail (Peters et al., 1998) does not affect initial binding



to the aLP I state (K,,) and only marginally affects aLP N state binding (K;), despite the
Pro C-tail's high complementarity to the oLP binding pocket. In marked contrast, these
same Pro C-tail truncations drastically reduce the folding rate (k.,), profoundly hindering
the ability of Pro to stabilize the folding transition state (TS). Deletion of the last three
residues from the Pro C-tail decreases k,, approximately 300-fold and removal of an

additional fourth residue decreases folding by at least a factor of 10’. The Pro C-tail

[

therefore plays a direct role in Pro foldase activity, preferentially stabilizing the folding

" bl

TS over the I and N states. Preliminary data indicate that the Pro N-domain also

[
contributes to the catalytic activity of Pro. Mutations in Pro at the protease-Pro N- :v
domain interface affect TS stabilization (E.L.C., P. Chien, D.A.A., unpublished). ;
The folding transition state and the native state are likely to share many structural —
features. The extremely tight binding of the rigid Pro region to both the native state (13.6 o
kcal/mol) and the transition state (18.2 kcal/mol) suggests that at least the aLP C-domain ::""
must be similarly structured in both states. However, they cannot be identical. Although ::
-

the Pro C-terminal tail makes ideal substrate-like interactions with oLP, deletions only
minimally affect the stability of ProeN, while causing profound effects on the folding
transition state (Peters et al., 1998). This suggests that the native ProsN complex must be
“strained” such that the total binding energy possible for the Pro C-tail is not realized in
the ProsN complex. By contrast, the intrinsic binding energy of the Pro C-tail does seem
to be fully realized when complexed to the folding transition state, since it is stabilized by
an additional 5 kcal/mol compared to Pro*N (Fig. 4).

Observations based on the ProeN complex structure (Sauter et al., 1998), suggest

this strain may be the result of poor complementarity in regions of the ProeN interface



which could be improved to yield the observed additional stabilization in the ProsTS
complex. Most notably, there is a significant gap in the interface where the protease
meets the junction of the two Pro domains. This gap contains eight ordered solvent
molecules, three of which act to mediate hydrogen bonds between the aLP B-hairpin and
Pro B-strand. Such highly solvated interfaces have been previously observed where two
surfaces interact in two different conformational states. These "adapter" waters are seen
in protein-DNA complexes (Schirmer and Evans, 1990), (Gewirth and Sigler, 1995)
where waters populate the interface in non-specific complexes, yet are excluded in the
specific complex. Similarly, waters are often used to adapt quaternary changes in
allosteric enzymes (Royer et al., 1996)), with fewer waters in the higher affinity state due
to improved surface complementarity. The ProsoLP TS may be similarly stabilized by
excluding the bound waters, thereby reducing the entropic cost of ordering the waters and
increasing the direct ProcoLP interface. As the structure of free oLP is nearly identical
to that of aLP complexed with Pro, it is probable that strong aLP N state interactions
prevent optimization of the ProeolLP interface predicted in the TS complex.
Destabilizing aLP mutations may disrupt these interactions enough to distort the Pro-

oLP complex towards more TS-like binding.

oLP folding model

This structural and mutagenesis data can be synthesized into a model of Pro
catalyzed folding of aLP (Fig. 7; (Sauter et al., 1998)). In this folding scheme, the N-
and C-domains of the expanded molten globule folding intermediate are separated, and

the B-hairpin is exposed to solvent. Pre-folded Pro initiates protease folding by binding
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to the hairpin, forming a continuous five-stranded B-sheet. Efficient folding requires the
Pro C-tail to then bind to the nascent active site, positioning the hairpin, and thereby
assisting the structuring of the oLP C-domain. Finally, the LLP N-domain docks and
folds against the C-domain to complete both the catalytic triad and the packing of the N
state core.

Studies of the intact Pro-oLP precursor (Anderson et al., 1999) support the
proposed two step folding model. Precursor refolding experiments show biphasic
kinetics, with an initial fast rate equal to the rate of pro folding alone, followed by a

slower rate for pro-mediated folding of aLP.
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Fig. 7. Proposed model of Pro catalyzed folding of oLP. a) The pro domam of the Pro-
oLLP precursor folds, while the protease N- and C-domains remain separated and
expanded. b) The three stranded b-sheet of the Pro C-domain pairs with the solvent
exposed b-hairpin of the oLP C-domain, forming a continuous five stranded b-sheet. c)
Substrate-like binding of the Pro-oLP junction to the nascent active site positions the b-
hairpin and leads to the structuring of the aLP C-domain. d) The aLP N-domain folds
upon docking with the aLLP C-domain to complete the protease active site which can then
process the Pro-aLLP junction. The Pro C-terminal tail remains bound to the active site in
this inhibitory complex while the new aLP N-terminus repositions to its native
conformation. e) Intermolecular cleavage of secondary cleavage sites by aLP or other
exogenous proteases leads to the f) eventual degradation of Pro and release of active,

mature aLLP. Color scheme as in figure 5. Figure modified from figure 4 (Sauter et al.,
1998).

In cis folding, formation of the active site allows the protease domain of the

precursor to process the Pro-aLP junction, producing the two distinct polypeptides chains
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of the Pro°N complex. After cleavage, the Pro C-tail remains bound to the active site
while the newly formed protease N-terminus repositions to its native conformation 24 A
away. Although the Pro-alLP precursor and ProsN complex show similarities in
secondary and tertiary structure, the marginal stability of the precursor (2.2 kcal/mol;
(Anderson et al., 1999)) compared to the complex (10.6 kcal/mol) suggests that the
rearrangement of the N-terminus is critical to oLP N-state stabilization. In addition to
the primary intramolecular cleavage site, aLP also recognizes intermolecular cleavage
sites within Pro, eventually leading to Pro degradation and release of active, mature
protease. The disordered loop within the Pro C-domain (Figs. 6a, 7e), presents a likely
target for the requisite secondary cleavage event. This secondary cleavage site is
sensitive to many other proteases besides aLP. In fact, there may be a functional
synergism between the multiple proteases secreted simultaneously by the host,
Lysobacter, in cleaving each other’s pro regions.

In the proposed folding scenario, Pro must bind to and correctly position the B-
hairpin. The likely importance of this B-hairpin to the alLP folding barrier is reflected in
its selective conservation among related proteases within the chymotrypsin superfamily.
The B-hairpin, a common structural motif found in all 13 bacterial homologues

synthesized with pro regions, is noticeably absent in other related bacterial, viral and

mammalian proteases that do not require pro regions for proper folding. Furthermore, the

Pro B-strand that pairs with the hairpin loop is also highly conserved in homologous pro
regions, suggesting that the hairpin and its interaction with the Pro C-domain are

important in structuring the protease. This is consistent with the fact that smaller related

pro regions show sequence homology only to the Pro C-domain, thereby maintaining the
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core structure necessary for binding the B-hairpin of the protease (Fig. 5b). The
positioning of the hairpin and subsequent structuring of the aLP C-domain may be a
general mechanism for pro region mediated folding of B-structures.

In contrast, subtilisin, a pro-protease evolutionarily unrelated to aLLP, seems to
employ a different method of pro catalyzed folding. The subtilisin pro domain stabilizes
a pair of a-helices in the protease instead of a B-hairpin (Gallagher et al., 1995).
Although oLP and subtilisin have convergently evolved pro-dependent folding, they
differ in both their mature protease structures and the method by which their respective
pro regions achieve their active protease conformations.

Parts of the preceding sections were used in a review written by Erin Cunningham
and myself: "Kinetic Stability as a Mechanism for Protease Longevity", published as a

Collogium paper in PNAS 96: 11008-11014.

Physical and evolutionary origins of the folding barrier

Although the above studies provide insight into how the pro region is able to
effectively guide folding to the native state, the fact remains that the pro region is
immediately destroyed following folding. Therefore, for the functional lifetime of the
active protease, 0LP's conformational landscape is dominated by the kinetic barrier
separating two very stable but very different conformations: the native and intermediate
states. In order to understand the thermodynamic basis for the inability of olLP to fold on
its own, as well as the evolutionary significance of pro dependent folding, it is necessary
to thoroughly study the components of the folding landscape in the absence of the pro

region and the barriers between them. Not only will these results shed light on the
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general folding landscapes of pro-proteases, but features of oLP's kinetic barrier may
provide insight into other proteins with multiple stable conformations of biological
importance.

This thesis focuses on the folding of oLP in the absence of the pro region, in
order to understand the thermodynamic and evolutionary basis for pro-dependent folding
in oLP. The kinetic barrier between the native and intermediate states prevents them
from being in equilibrium. What is the actual relative stability and breakdown of
energetic contributions to the stability of the native and intermediate states? What is the
nature of the long-lived but inactive intermediate? What is the progression of folding in
terms of burial of surface, entropic and enthalpic contributions to the components and the
kinetic barrier? Finally, can the thermodynamics and kinetics of the landscape along with
the dependence on pro region be rationalized in terms of the biological function of aLP?

The first chapter describes work with Julie Sohl leading to the striking finding
that the native state is less thermodynamically stable than the intermediate and unfolded
states; therefore it is preserved solely by kinetic stability. This not only distinguishes
oLP from its mammalian homologues but provides compelling support for the possibility
of metastable native conformations in general. The nature of the unusually stabilized
intermediate state is further revealed as definitively molten globule through ANS binding
in Chapter 2.

Chapter 3 takes advantage of the wide range of conditions used to determine
thermodynamic parameters from unfolding kinetics to demonstrate the inadequacies of
common models for analysis of denaturant unfolding data in accurately describing

temperature and denaturant dependent effects. Chapter 4 combines the analysis of the

15



accurately extrapolated unfolding data with temperature, with Julie's previous
thermodynamic results to provide a nearly complete picture of the folding pathway in
terms of burial of surface and enthalpic and entropic contributions at each step. Chapter
5 details the discovery of aggregation behavior of the intermediate under conditions of
low denaturant and high temperature, inviting speculation on the possibility of ordered
aggregation leading to fibril formation by aLP. Chapter 6 tests the hypothesis that the
effects of these unusual thermodynamics on the native state of the protease have actually
led to an increased ability to resist proteolysis and autoproteolysis. These results greatly
illuminate the physical origins of kinetic stability as well as the rationale for the

coevolution of kinetic stability and a pro region as a means to avoid self destruction.
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Chapter 1. Unfolded Conformations of o—Lytic Protease are more stable than its
native state.
Preface

After the establishment of a system for in vitro refolding by David Baker, it was
revealed that the denatured protease could be refolded to the active enzyme in the
presence of the pro region, but without the pro region, refolded instead to an inactive
intermediate (Baker et al., 1992b). Although it displays typical characteristics of a
marginally stable molten globule intermediate, this intermediate persists for months
without converting to the active enzyme at a level capable of detection by the standard
paranitroanilide hydrolysis assay. It remains capable of being refolded with the pro
region for up to two months after its formation. The fact that the intermediate and native
states exist under the same conditions without rapidly inter-converting indicated that a
large kinetic barrier separated the two conformations. Based on the sensitivity of the
paranitronanilide assay the refolding barrier was calculated to be at least 26 kcal/mol
(Baker et al., 1992b). This obviously ruled out the presence of an equilibrium between
the native and intermediate states, and revealed that one of these two states must be
kinetically trapped.

Julie Sohl and I set out to determine which state was more stable, and to
characterize thoroughly the complete energetics of the folding reaction. Julie determined
the stability of the intermediate relative to the unfolded state using equilibrium urea
denaturation. However, because the native and intermediate states are not at equilibrium,
we measured the rates of refolding the intermediate and unfolding the native state to

access the equilibrium free energy between them.
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To validate the use of first order kinetics to analyze the refolding kinetics, we had
to demonstrate the intermediate was monomeric, since it had been shown by gel filtration
to be 25% expanded relative to the native state. Using equilibrium analytical
ultracentrifugation, I showed that the intermediate is monomeric between 1 — 10 pM.

Julie developed a highly sensitive assay for native protease activity using a
thiobenzyl ester substrate, which could detect the tiny fraction of intermediate: 1 in 10°,
which did refold in the absence of pro region over several days. Using this assay, she and
I carried out refolding experiments to determine the rates of refolding at 4 and 25 °C.

In order to measure unfolding without the complications of autolysis at the high
denaturant concentrations required for unfolding the native enzyme, I expressed and
purified an inactive variant of olLP which has the active site serine replaced with an
alanine (SA195). With Stephen Rader, I crystallized this and solved the structure by
molecular replacement, and found that the SA195 structure is virtually identical to the
wildtype structure (RMSD Ca's 0.17 3A) (Rader, thesis). I followed the denaturation of
SA19S5 at a series of guanidine hydrochloride concentrations at 4 and 25 °C to extrapolate
the rate of unfolding in the absence of denaturant

As described in the following paper, reprinted with permission from Nature
395:817-819 © 1998, Macmillan Magazines Ltd., the results of these experiments led to
the discovery that the native state of oLP is not at the global energy minimum, but is in

fact less stable than both the intermediate and the completely unfolded states.
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Unfolded conformations of
a-lytic protease are more
stable than its native state

Julie L. Sohi* 1, Sheila S. Jaswalts & David A. Agard-$
* Graduate Group in Biophysics and the Howard Hughes Medical Institute,
§ Department of Biochemustry and Biophysics, University of California at
San Francisco, San Francisco, California 94143-0448, USA

| $ These authors contributed equally 1o this work

t Present address: Department of Molecular and Cell Biology,
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| a-Lytic protease (aLP), an extracellular bacterial protease, is

| synthesized with a large amino-terminal pro-region that is essen-

| tial for its folding in vivo and in vitro'~. In the absence of the pro-
| region, the protease folds to an inactive, partially folded state,
| designated ‘I The pro-region catalyses protease folding by
| directly stabilizing the folding transition state (=>26kcal mol™')
| which separates the native state ‘N’ from I'’. Although a basic
i tenet of protein folding is that the native state of a protein is at the
| minimum free energy’, we show here that both the I and fully
| unfolded states of aLP are lower in free energy than the native

!
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Figure 1 Characterization of the alP | state. a, Sedimentation equilibrium anatys:s
of 10uM alP | state with monomer fit and residuals. As shown in the inset, the |
state remains monomeric, with an average M, of 21.8K over at least a 10-fold
concentration range. b, Urea denaturation of the | state followed by its circular
I: dichroism signal at 226 nm. Inset shows the free energies for the | — U transition
| @s afunction of urea, calculated using the displayed linear unfolded baseline and
| by assigning the -state baseline 10 the OM urea value. The calculated 4G,...; at
| OM ures must be considered 8 maximum value.
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state. Native aLP is thus metastable: its apparent stability derives

from a large barrier to unfolding. Consequently, the evolution of |
aLP has been distinct from most other proteins: it has not been |

constrained by the free-energy difference between the native and
unfolded states, but instead by the size of its unfolding barrier.

The aLP N state is compact, with a well ordered hydrophobic |
core, and is stable to chemical and thermal denaturation (see ref. 5 |
and below). In contrast, the I state has some secondary structure but |
little or no tertiary structure'. Gel filtration' and analytical ultra- |
centrifugation (Fig. la) indicate that I is a gneaﬂy expandcd {
monomer. Not surprisingly, I ls temperature-sensitive' and it is |
stabilized by less than 1 kcal mol™ relative to the unfolded state ‘U’ |
(Fig. 1b). The conventional view of the forces that drive protein |

folding' would place N at the minimum Gibbs free energy. In |
principle, however, it is possible for a protein to function even if |
its native state is not at the free-energy minimum, provided that the
kinetic barrier is sufficient to prevent unfolding over the protein’s

functional lifetime. We now demonstrate that this is the case for |

alP.
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Figure 2 The rates of alLP unfolding and refoiding. a, The logarithm of the

unfoiding rates at 4°C (circles) and 25°C (open triangles) as a function of |

denaturant (guanidinium (Gdn) hydrochloride) concentration. Open symbols
denote the rates of terhary structure loss of S195A observed using tryptophan
fluorescence. the filled triangle represents the rate of activity loss of the wild-type
protease; filled circles show the rates of secondary structure loss in S195A
monitored by circular dichroism at 226 nm. b, Pro-region-independent folding of
the | to N states as a function of time at 4°C (circles) and 25 °C (triangies). ¢, The
concentration dependence of the fast phase rates of pro-region-catalysed | to N
folding.
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The large folding barrier prevents equilibration of I and N on
’ any practical time scale; thus the relative stability of these states
| is addressed indirectly through the rates of folding (k) and
| unfolding (k,). At 25 °C, unfolding of the protease in 1 M guanidi-
{ nium-HCl can be monitored by loss of activity. With increasing
| denaturant concentration, measurements of wild-type protease
! unfolding are complicated by autolysis, so we used a variant of
| the protease in which the active-site serine is replaced by alanine
| (Ser195— Ala, S195A, where the residue numbering for aLP is
| based on homology to chymotrypsin’) to measure the rates of
unfolding as a function of denaturant at 4°C and 25°C. During
unfolding, secondary and tertiary structure are lost simultaneously
and the spectroscopic data are best fitted by a single exponential
function of time. The observed rates are plotted as a function of
guanidinium-HCI concentration in Fig. 2a. By linear extrapolation
to zero concentration of guanidinium, the rate of unfolding is
1.8X107*+02X10"*s™"' at 4°C (t,, =1.2y) and 12X
1077+ 0.6 X 1077s™" at 25°C (t,, = 70d). Urea denaturation at
4°Cyields the same extrapolated rate within error (data not shown),
supporting the use of a linear extrapolation to determine k,.

To measure k; we incubated solutions of [ at 4°C and 25°C and
| assayed aliquots for N-state protease activity as a function of
time. The very small fraction of I that refolds during the
incubation was detected with an assay of higher sensitivity than
that used previously' (Fig. 2b). Based on the concentration of
refolded N and the total protease concentration, the initial rate
of folding ki was found to be 1.18 X 10™"' = 0.06 X 10™ "5~
| at4°C (t,,>1,800y) and 6.0 X 10”2 £ 0.4 X 10" s~" at 25°C
(t,,; > 3,600y). These rates are significantly slower than the rates of
unfolding. The equilibrium free energy, calculated from the ratio
of k to k, favours I by 4.0 = 0.1kcalmol™' at 4°C and by
5.9 + 0.5kcalmol ™' at 25°C. Therefore, the I state of aLP, not
the N state, is at the minimum free energy over a broad range of
temperatures.

aLP folds efficiently to its metastable native conformation only
with the assistance of its pro-region. The catalysed folding reaction
has two time constants, with the population of the fast phase being

18.2
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Figure 3 Free energy of aLP folding with and without its pro-region at 4°C. Using
| the pro-region I-state binding constant {Fig. 2c). the pro-region N-state inhibition
| constant” and the rates of folding and unfolding (Fig. 2a, b) in combination with
| transition state theory, the free-energy profile of «LP folding is drawn. Dashed
lines denote energetic changes resulting from the addition of pro-region. The free-
energy difference between | and U is not precisely known but is estimated to be
less then ~1 kcal mol™' (see Fig. 1b). Asterisk indicates that the pro-region binding
of the native state was measurad st 25°C and pH 8.
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roughly twice that of the slow phase. The slow phase, which is |
essentially independent of pro-region concentration, has a time
constant of ~200s (data not shown), and may be a consequence of
proline isomerization, as aLP has one cis and three trans prolines.
The fast phase rates are plotted as a function of pro-region
concentration in Fig. 2c. From these data, the pro-region is
calculated to bind I with 13 = 5 pM affinity and the folding rate
is calculated to be 0.037 = 0.004s .

With the data shown in Figs 1 and 2, a free-energy diagram for the
protease-folding reaction in the presence and absence of pro-region
can be constructed (Fig. 3). Remarkably, both I and U are more |
stable than the folded N state. The pro-region shifts the energetics
thermodynamically to favour the N-pro-region complex over the |
I-pro-region complex, thereby providing the driving force that |
brings the protease into its native, active conformation. Proteolytic |
degradation of the pro-region then ‘locks’ aLP in its metastable
active N state. The pro-region is much more than a native-state
template. It actively catalyses the folding reaction by stabilizing the
folding transition state. The pro-region binds the folding transition
state more tightly than I or N, and mutants of pro-region have been
identified that preferentially alter this transition-state stabilization®.

Investigations into the enthalpic and entropic contributions to
the free energy difference (AG) between [and N provide insight into |
the unusual stability of the unfolded states of aLP. Because direct |
measurement of the enthalpy difference (AH) between I and N is |
not possible, we measured AH by titration calorimetry using the |
thermodynamic cycle shown in Fig. 4. At 10°C, the native con- |
formation is favoured enthalpically by 18 + 1.5kcalmol ' over I. |
Therefore, the stability of I must be entropic in origin.

Comparison of aLP with the homologous but thermodynami- |
cally stable protease, chymotrypsin, reveals an intriguing potential
source of excess entropy. The aLP sequence contains 16% glycine
compared to only 9% in chymotrypsin. Glycines lack a side chain,
which increases the number of conformations accessible to
unfolded states. The ten additional glycines in aLP are predicted
to contribute an additional ~7kcalmol™ of configurational
entropy to the unfolded state compared to that of chymotrypsin
at 4°C (ref. 6). Removal of this entropic source alone would be
sufficient to place the N state at the global free-energy minimum for
alP.

An unusually low conformational entropy of the aLP N state may
also contribute to increasing the unfolding entropy. Although native
states are often dynamic, the N state of aLP is quite rigid: the
protease is not readily digested by itself or by other proteases, it has
~40 core amides with >10'° protection factors, and the B factors
are unusually low (J. Davis, J.L.S. and D.A.A., unpublished results,
and ref. 3). Some of the rigidity may arise from the fact that the

+18x15

1+P N+P

LEZ-

1+P NeP

Figure 4 Dissection of the free energy difference between | and N. The enthalpy
difference between | and N was determined at 10°C using the outlined -
thermodynamic cycle. The enthalpies of 1 + P to N-P and N + P to N-P were
measured. The total enthalpy change around the cycle must equal zero, There-
fore, the enthalpy of the N- to |-state transition is +18 = 1.6kcaimol ' at 10°C.
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| loops in aLP are generally shorter and are likely to be less flexible
than those found in chymotrypsin. Many of the glycines unique to
aLP are also found in these loops and so may reduce the entropy of
the N state while increasing the configurational entropy of the 1
state.

The rigidity of the native state of aLP may be the product of
| evolutionary pressures to suppress autolysis and thereby extend the
i lifetime of the protease, which provides nutrients for its host. The
unfavourable and presumably highly cooperative unfolding barrier
. of aLP would be expected to reduce sources of proteolytic sensi-
| tivity such as local breathing motions and/or partial unfolding of
- the native state. Similarly large kinetic barriers are likely to be
i present in most extracellular bacterial proteases; virtually all are
i synthesized with pro- reglons and, where examined, the pro-regions
! catalyse protease folding’~*. There is a strong correlation between
| high glycine content and the presence of a pro-region. As the
l

average glycine content of aLP and other chymotrypsin-like pro-
! teases made with pro-regions is 18%, compared with 9% in family
| members that do not contain a pro-region, incorporating more
! glycines may be one mechanism by which large kinetic barriers and
| pro-region catalysts have co-evolved in extracellular bacterial
{ proteases in order to prolong their functional lifetime.
i Large barriers have been observed in the folding of several other
i proteins that are not synthesized with pro-regions. The kinetic
: barriers of haemaglutinin, luciferase, the serpin PAI-1, and of the
! prion protein PrP, all function to enhance the stability of one
! compact native-like state relative to another" ", In contrast, aLP
! has evolved a kinetic barrier to isolate its native state from unfolded
! states. This has enabled the protease to optimize its functional

letters to nature

Refoiding from the | state to the N state. 2.4-6.5uM | state in 10mM
potassium acetate, pH S, was incubated at 4 °C and 25 °C. Initially and at cach
timepoint, 3-ml aliquots of [ state were treated with 50pug pepsin at
pH 2.5, which digests the | state but leaves native protease intact, then
concentrated. The p weas assayed by following the absorb change at
324nm in 2 solution ¢ontaining 1 mM succinyl-Ala-Ala-Pro-Ala-thiobenzyl
ester (Enzymes Systems Products), 250 uM aldrithiol-4 (Sigma), 2.5% DMSO
and 0.1M Tris, pH8. Addition of | uM pro-region inhibited the observed
activity, indicating that activity is due to aLP N state. The concentration of |
native protease, [ N], was determined from a standard curve. The detection
limit is ~6.0 fmolar. Intact [ state, | []o. was d at each timepoint, as it
decreases as a function of time owing to I-state protcolysis by refolded N.
Data from three experiments were fitted simultaneously to determine
using data in which the amount of intact 1 state was within 10% of the
ing value. Calculations are bused on a reversible equilibrium, 1~ N.
The rate equation for this equilibrium is [N /1), = [1/k + k,)} X
{k {exp — (k + k,)t} + k], where the concentration of | state at time ¢ is
mbylll,=ln.-lNLasumnslll.= [1ly at ¢ = 0. As both k¢t and k,rare
small, the Taylor serics approxi is applied, yielding: &, = ((NV[/],¥".
mm&omdmm«ﬁon.ho-npon-cmlmd refolding
of the | state was measured at 4 °C in 20 mM potassium phosphate at pH 7.2
(ref. 1). The pro-region:l state jon ratio was maintained at Z15:1
and reaction rates were fitted by a five-p double exp L. The plot
of the fast phase rates as a function of pro-region concentration was analysed by
assuming a fast | + P — 1-P pre-equilibrium followed by a slow, concentration-
independent I-P — N-P iti
Titration calorimetry. Enthalpies were measured in 20 mM potassium acetate,
42mM guanidinium-HCl, pH 5, buffer using s Microcal Omega titration
calorimeter. Prwnpon(-loou.M)mmmedwnhloermm&—ll'Clhe
pies at 10 °C are the ge of nine below

halni

i properties independently of the thermodynamic ¢ quences,
resulting in a kinetically stable but thermodynamically unstable
native state. a

Methods

Protein expression and purification. aLP and pro-region were prepared
according to published protocols'. The construct for the inactive mutant
(S195A) has been described*. Expression and purification of $195A was as
described”, except that the medium contained 1.5% yeast extract, 19% NaCl,
60mM ACES, pH 6.3, and induction was at lZ'C.Promponmsdlmml
from the non-covalent $195A ~pro-region ¢ with trypsin-coupled beads
st pH 7 or with pepsin at pH 3. The S195A X-ray structure is virtually identical
to that of wild-type protease (S.S.1.. S. Rader and D.A.A., unpublished results).
Analytioal ultr rilugstion. Sedi ion equilibrium experiments at
4°C were carried out on | state in 10mM potassium acetate, pH 5, on a
Beckman Model XLA analytical ultracentrifuge at speeds of 18,000 and
22,000 r.p.m., scanning at 230 nm and 280 am. Dats were cvalusted using XL-A
data analysis software and fitted best at all concentrations to the single noa-
associating species model. Global analysis of nine data sets gave a relative
molecular mass (A,) of 21.7K with a 95% c.i. of =0.9K.

Urea densturation. The stability of | state was measured as a function of
urea st 225 um in an AVIV 62DS circular dichroism spectrop at4°C.
3.5uM [ state in 10mM potassium acetate at pH 5 was titrated with 4 M and
8M urea. The unfolded baseline was calculated by a linear fit of the 3-6M
ures data.

Wikd-type protesse unfolding. 4 M protease in 0.98 M guanidinium-HCL,
IOmMpo(mmmw.pHS.mmcubatodnzs’C.Mﬁmymmeuumd
13 times on duplicate aliquots ac g to published p s over 80 days'.

S198A unfolding. Reactions conmned swsA in 10mM potassium acetate,
pH S, at concentrations of 0.1-1.75 uM (floorescence) or 7 uM (circular

Yy

[P

'Clndubvvelltmnanudomngmlowdpd(o-mmd
complications from pro-region unfalding, respectively.
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Chapter 2. Characterization of the o LP Intermediate.

Introduction

From the previous chapter, the intermediate state of aLP emerged as a key feature

of the protein folding landscape. This molten globule-like conformation, despite
displaying high sensitivity to proteolysis, temperature and denaturant, is actually at the

global free energy minimum. The excess stabilization over the native state is likely due

to an unusually large entropy difference between it and the native state, resulting from the

high number of glycines in the sequence increasing the entropy of the intermediate state
and possibly decreasing the entropy of the native state. However, many questions
remained, which prompted us to further explore the nature of this conformation.

How does it compare to other protein folding intermediates in terms of its
structure and energetics? Is it possible to more accurately determine its stability? How
unfolded is it relative to the native state? Our ability to address these questions was
hindered by the practical limitations of working in a very narrow temperature range at
concentrations below 10 uM, due to the extreme sensitivity of the intermediate state.
Therefore this chapter outlines the preliminary progress we made in answering these
questions, in addition to efforts made to stabilize the intermediate in order to facilitate

future experiments.

Methods
ANS binding
ANS was made up at 10 mM in EtOH. then diluted to 1.5 mM in 10 mM KOAc

pH 5.0, and used at SO pM in the unfolding reactions. For wavelength spectra, ANS
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fluorescence was measured after excitation at 380 nm by following emission between 450
—650 nm. ANS binding at each urea concentration was followed by monitoring
fluorescence emission at 475 nm and 482 nm for 10 seconds after excitation at 380 nm.
Equilibrium Urea denaturation
Stock solutions of 2 or 9 pM Intermediate were made in 0, 3 and 8 M urea, 10

mM KOAc pH §, 50 pM ANS. Following determination of the fluorescence of the initial
0 M urea intermediate sample, aliquots of Intermediate were successively titrated to
increment the urea concentration up to 7.9 M urea, and equilibrated for 5 minutes before
measurement of the fluorescence. After each titration, equilibration and measurement, an
aliquot was removed to accurately determine the urea concentration by refractive index.
Analysis of Urea denaturation

sigmoid + linear function: m1+m2*m0+m3/(1+exp(m4*m0))

shifted linear function: m1+m2*m0+m3/(1+exp(m4*(m0-m5)))

Results
ANS binding as a probe of the Intermediate

Previous work showed that the intermediate has several characteristics of a typical
molten globule intermediate, it has 2 ° but no 3 ° structure, and has a monomeric
conformation that is greatly expanded over the native state (Baker et al., 1992b).
However, the defining characteristic of a molten globule intermediate is its exposure of
hydrophobic surface area, which can be determined by the ability to bind the hydrophobic
dye ANS (ref). Because ANS binds hydrophobic cavities, its fluorescence is significantly

enhanced in the presence of molten globules but not native or completely unfolded states.
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A rotation student, Jill Nephew and I examined the ability of aLP in its various
conformational states to bind ANS. We demonstrated that there is indeed a greatly
enhanced ANS fluorescence signal in the presence of the oLP intermediate sample

compared to the unfolded protease in 8 M urea, and the native protease (Figure 2.1).

=9 uM intermediate
w—Q UM alP in 8 M u

5000

4000

[7]
N
3

3000

2000

ANS fiuorescence
for 9uM samples
g
»

s&
soidwes wiiz 10}
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1000

0 = =3 A A e 0
400 6850

Figure 2.1 ANS binds to the intermediate. ANS Fluorescence is significantly enhanced
in the presence of aLP intermediate (red solid 9 pM, dashed 2 pM) compared to unfolded
oLP in 8 M urea (9 pM blue) and native oLP (2 uM black).

In addition to confirming the molten globule status of the aLP intermediate, this
result provided an alternative avenue for probing the intermediate state besides circular
dichroism. Although the intermediate displays a strong circular dichroism signal which
was used to monitor the urea denaturation of the intermediate at 4 °C (Sohl et al., 1998),
that signal can become problematic at higher temperatures. As the temperature is
increased, the ellipticity observed for the intermediate can actually increase (Sohl, 1997)
(see Chapter 5). Since a full characterization of the thermodynamics of the intermediate

would include probing the effect of temperature, ionic strength, pH, etc., we wanted to



avoid relying only on circular dichroism. Using ANS fluorescence also offered the
possible advantage of higher sensitivity, so that we could use less protein to examine

intermediate stability under a large number of conditions.

Figure 2.2 Urea denaturation of intermediate followed by ANS fluorescence. ANS
fluorescence at 450 nm or 482 nm decreases as the urea concentration increases.

Figure 2.2 shows the urea denaturation of the intermediate followed by change in
ANS fluorescence at the wavelength of maximum emission and a wavelength on the
shoulder. As with the denaturation of the intermediate by CD, the data do not reach a
plateau at a "folded" baseline. With the CD data, the value of the ellipticity for the folded
intermediate could be estimated based on the ellipticity for the same concentration of the

native state.
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Figure 2.3 Fits of urea denaturation of intermediate. a)ANS fluorescence vs. urea
concentration. b) AG, vs. urea.

The ANS data can be fit by using variations of a sigmoid + linear function to fit
the data (Figure 2.3a) (see Methods). The free energy of unfolding the intermediate at
each urea concentration can be calculated based on taking either of those fit baselines as
the native baseline. As the plot of AG,; vs. urea in Figure 2.3b shows, the estimate of the
stability of the intermediate in the absence of urea varies from near 0 kcal/mol if
determined from the sigmoid + linear fit, to -0.7 kcal/mol based on the shifted sigmoid +
linear fit. The slope of the urea dependence of AG, varies from -1.3 to -1 kcal/mol*M.

Those slopes correspond well with the slope from Julie Sohl's urea denaturation
of the intermediate monitored by CD (Sohl et al., 1998),which was about -1 kcal/molM.
However the CD measurements gave a maximum estimate for the stability of the
intermediate (AG, ) of 1 kcal/mol. As mentioned above, that estimate was based on
assuming that the folded baseline of the intermediate ellipticity would not exceed that of
the folded native protease and therefore assigning the native protease value as the folded

intermediate value. Based on the fact that intermediate ellipticity can in some cases
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exceed the native ellipticity, that assumption may not be valid. That could account for

the difference between the stabilities estimated from CD vs. ANS binding.

Stabilizing the Intermediate

Having established that ANS binding can be used to monitor the stability of the
intermediate, our next goal was to test various small molecule stabilizers for their ability
to increase the stability of the intermediate. This would be helpful for determining a
more accurate stability from a complete equilibrium denaturation curve including a native
baseline. In addition, a more stable intermediate might prove more amenable to
concentration for structure determination techniques such as small angle x-ray diffraction
and hydrogen exchange studies monitored by NMR.

Since the late 1970s there have been numerous reports of stabilization of proteins
by small molecules such as sucrose, ethylene glycol, and glycerol (Lee and Timasheff,
1981), (Gekko and Timasheff, 1981), (Arakawa and Timasheff, 1982), (Timasheff,
1995). Recently TMAO (Trimethylamine-N-oxide) has been shown to cause a huge
increase in the stability of two proteins which are normally unfolded under physiological
conditions (reduced and carboxyamidated RNase T1, and a destabilized mutant of
staphlococcal nuclease) (Baskakov and Bolen, 1998). The mechanism of stabilization
has been attributed to both to effects on solvation as well as direct interactions with the
native protein (Baskakov and Bolen, 1998). Depending on the mechanism of
stabilization, various stabilizers may have the effect of stabilizing molten globule states
of proteins over the unfolded states, or may stabilize the native state over both molten

globule and unfolded states.
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As a first pass, we decided to examine ethylene glycol, glycerol, sucrose and
TMAO for possible stabilizing effects. However, when we tested the effect on ANS
fluorescence of just those molecules alone in 0.5 M urea, we found that they all enhanced
ANS fluorescence significantly (Figure 2.4). In all cases the effect was greater than that
of 2 uM Intermediate alone (see Fig. 2.1). In fact, the ANS fluorescence in glycerol and
ethylene glycol was nearly half of the ANS fluorescence in the presence of 9 yM

Intermediate, which is near the maximal workable concentration of Intermediate.
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Figure 2.4. Effect of stabilizers alone on ANS fluorescence. 10 mM ANS in 0.5 M urea
alone (open squares). with 38% glycerol (closed squares), 38% ethylene glycol (upright
triangles), 38% sucrose (downward triangles), or 2.6 M TMAO (circles).

Because TMAO had the smallest effect on ANS fluorescence alone, we decided
to pursue it as a possible stabilizer. A comparison of the normalized ANS fluorescence in

the presence of 4.5 pM Intermediate alone or with 2.6 M TMAO indicated that there was

greater than a threefold increase in the ANS fluorescence enhancement with TMAO
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present (Figure 2.5). This suggested that TMAO was able to stabilize the "folded"

molten globule form of the intermediate.
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Figure 2.5 Effect of 2.6 M TMAO on intermediate. o s
,j—".!‘ .
We then followed ANS fluorescence during titration of the intermediate with -
il
il

TMAO in order to determine TMAO concentration that leads to the maximal stability of
the intermediate (Figure 2.6). This would allow us to then perform the urea titration at
that concentration of TMAO in order to observe a full equilibrium denaturation curve,
including a native baseline for the intermediate. By following the urea denaturation of
the intermediate at a series of TMAO concentrations where the complete transition is
observable, we could extrapolate AG, ; to zero TMAO in order to determine a more

accurate AG, .

29



4
4.5 10* T T T T T

. o0 5, of O 472-blan

410 a o 8 450-blan
® o a d
Q 4 d
§ 3.5 10 . 8 “. o 3

[]
8 310 o = " g k
6 . a
2 2510 o = . o
[ ] [} 9
LI
2 210" 3
< [ ] ]
1510'°Y = 3
1 104 PR TS TR TR SR T T RS ]
0 1 2 3 4 5
[TMAO] M

Figure 2.6 TMAO titration of intermediate.

However, although we observed increasing enhancement of ANS fluorescence
with 0 — 2.2 M TMAO, where the fluorescence plateaued, and then started to decrease.
Because the intermediate sample with the final concentration of 4.8 M TMAO aggregated
after two days, we reasoned that high TMAO concentrations were causing association of
the intermediate. In fact, when we tried to make stock solutions or 9 uyM Intermediate
even in 2.2 M TMAO in order to titrate with urea, the protein immediately aggregated.

Since we didn't see aggregation in the samples of intermediate and 2.6 M TMAO
in 0.5 M urea, it's likely that the urea was able to suppress aggregation. However, no
systematic observation of the change in those samples over time were made, and it is
possible that aggregation also eventually occurred in them. Since Jill's rotation came to

an end without a clear understanding of whether TMAOQ is actually stabilizing or simply
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increases the hydrophobicity of the intermediate in a way that then leads to aggregation,

no further progress with stabilizing the intermediate has been made.

Discussion

The experiments described above have led to a better general understanding of the
structure of the aLP intermediate and its position in the folding reaction. Demonstration
of ANS binding confirms that the oLP intermediate does fit into the general category of
"molten globule" protein folding intermediate, as expected based on its other
characteristics (expanded radius, 2° but no 3° structure).

The best estimate of stability based on using ANS binding to follow equilibrium
urea denaturation is between -0.6 and 0 kcal/mol. This suggests that the analysis of the
unfolding data by CD is overestimating the stability by 0.4 — 1 kcal/mol. However, since
there is no true estimate of the folded baseline for the denaturation followed by ANS
binding,, the CD estimate is still the best estimate.

The m value for the urea denaturation of the intermediate followed with ANS
binding closely matches the value of 1100 cal/mol*M from the CD measurements. m
values have been shown to be proportional to the amount of surface area exposed on
unfolding (Myers et al., 1995). Based on the calculated m value for complete unfolding
from N to U, which is 2100 cal/mol*M (see Chapter 4), the I to U m value, at ~1100
cal/mol*M indicates that the intermediate has buried about 50% of the surface exposed in
the unfolded state. This sets up the following reaction coordinate for the folding of oLP

based on burial of surface:
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Figure 2.7. aLP folding reaction coordinate based on surface area burial.

Future Directions
There are many remaining questions about the intermediate that deserve to be
addressed. Determining the accurate stability is still a reasonable goal. It appears that
because of the high background of ANS fluorescence in the presence of stabilizers alone,
using CD to measure the effect of stabilizers on intermediate stability is a more viable
option, despite the higher concentration of intermediate required. A lower concentration
of stabilizer (less than the 38% used in these attempts) could also be tried. It is likely that
one of the other weaker stabilizers may stabilize the intermediate without leading to
aggregation, as is the case with TMAO, which is known to be quite a strong stabilizer
(Baskakov and Bolen, 1998). A more detailed description of the thermodynamic
parameters involved in stabilizing the intermediate could be determined by following the
temperature dependence of the intermediate unfolding by urea in a limited temperature
range (4 - 25 °C), since complications arise as the temperature is increased (Chapter 5).
Due to the fact that the intermediate is 50% folded with respect to burial of

surface area, it is very likely that protection from hydrogen exchange could be detectable.

If it becomes possible to reach NMR level concentrations through the use of stabilizers,
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then it would be very exciting to know the location of protected residues in terms of the
native structure. However, mass spectrometry could be attempted at low concentrations
to monitor the extent of hydrogen exchange, and a combination of mass spectrometry and

proteolysis could be tried to determine the identity of protected regions (Miranker et al.,
1996).
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Chapter 3. Linear Extrapolation, Denaturant Binding, and Solvent Transfer
Models are inadequate for analysis of oLP unfolding kinetics over a
wide denaturant and temperature range.

Introduction

Knowledge of the stability of proteins in their native and intermediate

conformations, as well as the heights of the kinetic barriers between them is central to Pi |
understanding protein folding and design. The use of denaturants to induce unfolding is ' : '
one of the most common methods applied in the investigation of protein stability and T3 B
barriers (Pace, 1986), (Chen et al., 1989). The exact mechanism by which denaturants ;*:'_1:
promote unfolding is still a matter of considerable debate, but is likely to involve :::E
improved solvation of the hydrophobic surface exposed on unfolding, through effects on :.,«5
the solvent structure and/or effects from direct interaction of the denaturant molecules 2, s
with the protein. 4 .-::
Typically the native state is assumed to be in equilibrium with the unfolded state :f.:;;
(Pace, 1986), (Myers et al., 1995). -
N®U (1)
K = [UV[N] (2) {‘

The free energy of unfolding the native state is calculated from the equilibrium constant:

AGy=-RTIn[U/}/[N] (3)
(A positive AGy denotes an unfavorable free energy.)

For most proteins under physiological conditions, the equilibrium is so far in favor of the
native state that it is impossible to detect the unfolded state in order to determine the ratio
of their concentrations. Therefore moderate to high concentrations of denaturant are used

to destabilize the native state enough to detect the unfolded state. The free energy of
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unfolding in the presence of denaturant (AGy) is measured in the transition region where
both N and U are populated. Typically K can only be measured between 0.1 to 10,
corresponding to a change in AGy of + 2.8 kcal/mol (Creighton, 1993). AG;,, the free
energy of unfolding in the absence of denaturant, is then determined from extrapolation
of the measured AGy in the experimentally accessible denaturant range to zero denaturant
using methods described below.

Similarly, in the analysis of barriers to protein unfolding, the native and transition

states are considered to be in equilibrium (Chen et al., 1989).

k,

N&®Ts (4)
Vv

v=k;T/h (3)

(kg = Boltzmann's constant, h = Planck's constant)
The rate of unfolding k, can be measured by following the kinetics of structure loss at a
series of denaturant concentrations. The dependence of In k, on denaturant can then be
analyzed to determine In k, in the absence of denaturant, or a AG*;;, den can be calculated
for each denaturant concentration based on transition state theory (Chen and Matthews,
1994):
=k/v (6)
AG'y= -RTIn(k V) (7)
and extrapolated to determine AG*,.
Since it is usually only possible to measure unfolding in a range of denaturant
concentrations far from zero denaturant, various methods of analysis have been applied to

extrapolate to the AGy, in the absence of denaturant based on the dependence of the
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measured AG,, on denaturant concentration. These methods are also applied to the
extrapolation of AG*;. The simplest method is the linear extrapolation model:

AGy =AGy,, - m[D] (8)
with AGy,, as the intercept and m as the slope, which was developed from the empirical
observation that AG,, appeared to have a linear dependence on denaturant (Aune and
Tanford, 1969), (Pace, 1986). (D is most often treated as straight M concentration or
transformed to denaturant activity in terms of molar ion activity(Aune and Tanford,
1969), (Pace, 1986), or hydrophobic solvation energy (Parker et al., 1995). The m value
has traditionally been interpreted as an indicator of the amount of hydrophobic surface
area exposed in the unfolding transition, and was found to be proportional to the total
change in exposed surface area and AC, of unfolding (Myers et al., 1995) for a set of 45
proteins with known structures.

This method has enjoyed the greatest popularity, and in some experimental cases
has appeared justified. Linear extrapolations from both urea and GdnHCl yield similar
values of AGy,, for lysozyme (Greene and Pace, 1974) and chymotrypsin (Greene and
Pace, 1974), (Bolen and Santoro, 1988). A combination of GAnHCI and thermal
unfolding data for thioredoxin by DSC was found to be linear from 0 — 3 M and match
the linear urea extrapolation when the chloride concentration was kept fixed (Santoro and
Bolen, 1988). A thermodynamic cycle using pH titration of native and unfolded states
demonstrated the validity of LEM for urea data of RNase A (Yao and Bolen, 1995) and
GdnHCI data for HPr (Nicholson and Scholtz, 1996). Hydrogen exchange (HX)
measurements in the absence of denaturant confirmed the linearly extrapolated values for

RNAse H (Chamberlain et al., 1996), NTL9 (Kuhlman et al., 1998), and lambda
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repressor (Huang and Oas, 1995), (Huang and Oas, 1996). However, in many cases, such
tests are not applied and when they are, these are usually used only under one set of
conditions, and then assumed to apply under other conditions.

In addition, there are also many reports of different estimates of AGy;,, obtained
from unfolding in urea vs. GdnHCl. For metmyoglobin (Gupta et al., 1996) and FABP
(Ropson et al., 1990), linear extrapolations yield higher values of AG,;,, from urea than
GdnHCI, while for RNAse A (Greene and Pace, 1974), (Yao and Bolen, 1995)the
linearly extrapolated GdnHCI value is higher than from urea. With the application of HX
to measure unfolding at conditions of very low and absent denaturant, and the

improvement in the range and quality of data obtained through traditional spectroscopic

methods, it has become increasingly possible to detect experimental evidence for
curvature in the dependence of AG, and In k, on denaturant for some proteins. A
combination of hydrogen exchange data and GdnHCl and temperature CD melts of
Pxrotein L shows a distinct curvature leading to the HX measured AG,,, higher than the
limn early extrapolated value from the higher concentration CD data alone (Yi et al., 1997).
Thae dependence of AGy on urea from urea and thermal denaturation for barnase displays
upward curvature as well (Matouschek et al., 1994). Additionally, theoretical
cal culations based on the observation of curvature in the dependence of the free energies
of txansfer of hydrophobic amino acids from water to different concentrations of GdnHCl
preciict a curvature in the GdnHCI dependence (Alonso and Dill, 1991), (Makhatadze,
1999,

Despite the wealth of evidence against the universality of the LEM approach,

valme=s of the free energy and rates of unfolding determined using the LEM are often used
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to compare mutants and evaluate stabilities of designed proteins. In addition, the
variation of both AGy, and rates of unfolding with temperature and pH conditions are used
to analyze thermodynamic parameters of protein unfolding reactions. Therefore it is of
general interest to the field to thoroughly evaluate the methods for extrapolating
unfolding measurements made in denaturant, and to understand the effect of denaturants
on both the solvent and the protein in order to properly remove all effects which are not
related to the protein.

As mentioned above, the chief limitation in obtaining denaturant dependent

unfolding data for most proteins is that the transition region in which it is possible to
measure a mixture of native and unfolded populations is very narrow and far from zero
denaturant. Measurement of the rates of protein unfolding in denaturant are also limited
to denaturant concentration ranges where K > 1. V shaped chevron plots of In k, vs.
demnaturant are observed where below the C,,, for unfolding, the refolding rate becomes
faster than the unfolding rate, and therefore it's not possible to follow protein unfolding
ki raetics to very low denaturant concentrations (Jackson and Fersht, 1991). As curvature
is mmost likely to occur at lower denaturant concentrations, there is often not enough data
to suggest that additional parameters warranted beyond linear, so that is the standard
analysis applied in both equilibrium and kinetic unfolding.

The kinetically stable protein aLP, offers a unique advantage in measuring the
unfo1ding rate in denaturant. The rate of unfolding (k,) is slower than the rate of
l"’ﬂ)lding (k,) by three orders of magnitude (Sohl et al., 1998). This means that the
con®m-ibution of k, to k,, which is a relaxation rate from both the rate of k, and k,, is small

€noxm gh to be neglected even at low to zero denaturant concentrations. Therefore the
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measured k, over the entire denaturant range can be treated as solely from the rate of
unfolding.

Experiments reported here taking advantage of the broad range of temperatures 4
- 60 °C and denaturant concentrations (GdnHCIl: 0 — 7.25 M, urea 0 — 8 M) over which k,
is accessible reveal not only a distinct curvature in the dependence of the unfolding rate

on GdnHCI and urea, but also a heat capacity to that curvature. These high quality data

p—_

afford a highly accurate description of the curvature and its change with temperature,

leading to a more complete analysis of the thermodynamics of protein-denaturant “;.'f-

interactions than before. This has allowed us to test the different models for v-" ‘; F

ey

extrapolation in order to develop a method that describes the solvation and temperature -

n;y-.-—'-"‘;

effects of denaturant on unfolding in a physically interpretable manner. et

g:z' \:’

Experimental Methods ¥ ',.,;-'*

. e 3

M aterials ;c.#f\“q}

GdnHCI and Urea (ultrapure) were from ICN (Cleveland, OH, U.S.A.) All other
che=micals were from Fisher.
SA.495 ol P expression

D1210 E. coli transformed with the bicistronic pro region SA195 construct (Sohl
etal _, 1998) were grown at 37 °C in 4.5 — 6 L either LB media or LXY media (15 g yeast
extraact, 10 g NaCl liter) buffered at pH 6.8 with 60 mM ACES to an ODy, of 1.8 (LB)

or2.55 (LXY), shifted to 12 °C for two hours, then induced with 0.1 mM IPTG.

SAI®S ol P purification
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Supernatant from the cells harvested 6 — 7 days post induction was diluted 4 — 5-
fold with dH,O and brought to pH 4.5 — 5. 50 mls S-Seph beads were added and mixed
overnight. Beads were collected and washed with 10 volumes 10 mM NaOAc pH 5.0,
then 5 volumes either 10 mM Glycine, pH 9.6 or 10 mM Hepes, pH 8.4. SA195 was
eluted in a noncovalent complex with the pro region using 10 mM Glycine pH 9.6, 200
mM NaCl. Incubation with trypsin coupled beads at pH 7.5 or 0.1 mg/ml pepsin at pH 3

for 1 — 12 hours followed by dialysis against or 1:4 dilution with 10 mM NaOAc pH 5

digested the pro region. Post protease treated material was loaded onto either Pharmacia l --*

MonoSHR10/10 HPLC and eluted with 10 mM NaH,PO, 10 - 500 mM NaOAC, pH 7.2, "“‘1
or Vydac VHP81010 and eluted with 10 — 500 mM NaOAc pH S. Final protein was L:\E
judged pure as determined by silver stained gel, mass spectrometry and N-terminal M‘j
sequencing. The x-ray structure of SA195 is virtually identical to that of the wild type S
(S.S.J., S.D. Rader and D.A.A. (Rader, 1997)). 4
Kinetic Unfolding Experiments ::":\

Unfolding reactions were done in 10 mM KOAc pH 5.0 and initiated by manual
mixing to a final SA195 concentration of 0.1 to 1.75 uM for fluorescence or 7 uM for
circular dichroism studies. Guanidine denaturation was carried out at 4, 15, 25, 37 50,
60, 70 °C. Refractive index measurements were used to accurately measure the
concentration of GdnHCl in each sample (Pace, 1986). Fluorescence experiments were
done using an 8100SLM-Aminco Fluorimeter connected to an external thermostat bath.
Excitation was at 283 nm and emission at 322 nm. Circular Dichroism experiments were

monitored at 225 nm using a Jasco J-715 Spectropolarimeter with a Peltier temperature

control.




At 25 °C and 37 °C, unfolding reactions at 0.5 — 1 M GdnHCI were incubated in
sealed fluorescence cuvettes in incubators maintained at the appropriate temperatures + 1

°C and monitored over a period of 4 months.

Methods of Analysis

Analysis of Unfolding Kinetics

Nonlinear regression analysis with the program Kaleidagraph (Abelbeck J‘
Software, Reading, PA) was used to obtain the monoexponetial rate constants for e
unfolding. Applying transition state theory by the method of Chen,et al. (Chen and "' _‘;
Matthews, 1994) the activation free energies at each denaturant concentration were E:’-:E
determined from the rate constants using (7). ,,....5
Denaturant Binding Model 1. v

The denaturant binding model is based on a physical model of specific binding of a4 : :_9
denaturant to the protein molecule, with the unfolded state exposing more binding sites, i’i‘;

leading to unfolding in the presence of denaturant (Tanford, 1970), (Pace and
Vanderburg, 1979), (Makhatadze, 1999). Traditionally this analysis takes the form of
AGy =AGy;0 - AnRT In (1+ kD), (9)
by assuming that the sites are independent and non interacting and have the same affinity
for denaturant whether on the native or unfolded molecule. An is the difference in sites
between N and U, k is the binding constant to each site, and D can be in terms of a (the
molar ion activity of the denaturant) or more commonly M (molarity) (Pace, 1986). This

model accommodates a changing slope of dependence of AG on denaturant (m value in
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LEM analysis). It is possible to calculate an "effective m value" based on the fit

parameters:

"m"= AnRT In (1+ k) (10)
(under standard conditions of 1 M)

This value should report on exposure of surface area in an equivalent manner to the LEM

m value.

The nature of the denaturant binding site is unclear. It is presumed that

denaturant binds to backbone; it has been suggested that the number of sites is equal to ; _:
1/2 the number of peptide bonds in the protein (Pace, 1986). A correspondence was seen 0;
between k's determined from fitting denaturant induced unfolding data and calorimetric ﬁ;:.;
measurement of the heats of titration of denaturant binding to three proteins (Makhatadze :':E
P

and Privalov, 1992).

Solvent Transfer model i‘, f;
Another model developed by Tanford (Tanford, 1964) accommodates curvature -;:?
but is based on a different approach for the denaturant effect. The solvent transfer model ::}

ascribes the effect of denaturant on the stability of the unfolded state to the increase in
solubility of the groups newly exposed to solvent on unfolding. The denaturant
dependence is described by the sum of the free energies of transfer for the groups newly

exposed to solvent upon unfolding. This was developed based on the thermodynamic

cycle:
AGy.y in H;0 (AGyy,0)
Nin H,0 & Uin H,0
AG,N | | AG, U (12)
N in denaturant & U in denaturant
AGy_y in denaturant (AGy)
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From this cycle,

AGy - AGy0 = AG, U - AG, N (Pace, 1975) (13)

It is clear that the AG,, of groups exposed in both N and U will cancel out, so AG,,
U - AG; N can be determined from the sum of the total number of groups of type i in the
protein times the fractional exposure of each group times the AG,, for each group:

AG, U - AG, N = Zaindg,; (14)

AG,, for the peptide group and amino acid sidechains have been determined from
studies on the solubility of model compounds in various concentrations of urea and
GdnHCI (Nozaki and Tanford, 1970), (Staniforth et al., 1993). Different investigators
have chosen to include the peptide group and different sidechains as contributing
(ranging from just the hydrophobic sidechains (Nozaki and Tanford, 1970) to all of them
(Staniforth et al., 1993). Initially o, was taken outside of the sum and chosen to be an
average value @, to give the observed dependence of AG on denaturant concentration,
yielding:

AGy= AGy;,o + 0 2n.8g,; (Pace, 1975). (15)

Recently, Staniforth et al. (Staniforth et al., 1993) have explicitly calculated the
fractional exposure o for the groups exposed during unfolding of the protein under
consideration based on the change in accessible surface area (AASA) for each buried
amino acid sidechain, calculated from the known native crystal structure and a model of
the unfolded chain.

o, = (ASA, in extended chain - ASA, in native)/ ASA, in extended chain (16)
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The number of sidechains of each type in the core is determined from the fractional

exposure for each sidechain (o) multiplied by the total number of sidechains of that type
(N):
n;=Ni oy (17)

The sum of those sidechains defines the composition of the solvent excluded core:

n=Xn (18)

Using this determination of the core composition of the protein in combination ‘:

with the model compound data, the solvation energies can then be appropriately summed 3
at each GdnHCI concentration, to give the change in solvation energy for an average ':’:’_
internal side chain of that protein. ;::\E
AG,,,= (ZAG,;n)/n (19) ;j
They analyze the denaturant dependence of this average solvation energy using a L. ve
hyperbolic fit: * }
AG,(D)= AG,,[D}/(Kq, +ID) (20 sl
e

This allows them to determine a maximum solvation energy at infinite denaturant
concentration (AG, ,), and K, the concentration at which the half maximal solvation
energy is reached, for an individual protein. These parameters are then used to analyze
the AG, of unfolding with denaturant to determine the AG,,,, and n, which is the
fractional number of buried sidechains exposed on unfolding.
AGy= AGy,, + nAG, . [DV/(K,., +[D]) (21)

We calculated the AG,,,, for an average internal side chain of aLP based on its

comaposition using equations (16) — (19). Table 3.1 shows the composition of the solvent-

excRuded core based on this analysis. With these n,'s the total n and the AG,,, ., for



sidechains from model compound data, the free energy of solvation for an average buried
sidechain in oLP (AG,,,)was calculated at 1 — 6 M GdnHC] using equation (20). The
dependence of aLP 's AG,,, on denaturant was fit using equation (21) (Figure 3.1),

yielding parameters that are within range of those calculated by the Clarke group

(Staniforth et al., 1993) (Table 3.2).

e A xcl i i
aminoacid N, o n,
Ala 24 0.5205 12.49
Cys 6 0.8238 4943
Asp 2 1.000 2.000
Glu 4 0.6379 2.552
Phe 6 0.8704 5.223
Gly 32 0.000 0.000
His 1 0.000 0.000
Ile 8 0.9085 7.268
Lys 2 0.6496 1.299
Leu 10 0.8964 8.964
Met 2 0.9840 1.968
Asn 13 0.5238 6.809
Pro 4 0.5929 2372
Gin 9 0.6491 5.842
Ser 20 0.4431 8.861
Thr 18 0.5127 9.228
Val 19 0.8304 15.78
Trp 2 0.9819 1.964
Tyr 4 0.8867 3.547
n total 101.0
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Figure 3.1 Dependence of solvation energy for an average internal sidechain in aLP on

GdnHCl.

protein AG,, |
(kcal/mol) M)

olP 0.68 54

phosphoglycerate 047 3.1

kinase*

staph nuclease* 0.68 49

"average" protein™® 0.78 5.4

*From (Staniforth et al., 1993),Table III
®calculated using equations (16)-(21) for 55 proteins in the pdb database

46

..
A

ey

-



Calculation of Denaturant Activity from Molarity based on hydrophobic solvation

From the variation on the solvent transfer model developed by Staniforth, Parker
et al. (Parker et al., 1995) have proposed a method to calculate a denaturant activity
corrected for nonlinearity due to the effect of denaturant on hydrophobic solvation. From
fits with equation (20) of the free energy of transfer (AG,,,) of non-polar amino acid side
chains and of the peptide group from water to specific concentrations of GdnHCl, they
observe that the dependence of AG, ,, on the number of carbon atoms is linear. Therefore
they attribute the non-linearity of AG, ,, with GdnHCl to the C, ; value, which clusters
fairly randomly around an average of 7.5 + 2.1 M when plotted vs. carbon atoms. Using
that value, they calculate molar denaturant activity (D):

D= [GdnHCI]*(7.5 M/ 7.5 M + [GdnHCI)). (22)

Their plots of AGy, vs. D for lysozyme and the N terminal domain of phosphoglycerate
kinase now allow for "a more reliable extrapolation of data to a condition where D= 0."

As a next step, they propose a method for determining a temperature corrected
denaturant activity from GdnHCI molarity based on the temperature dependence in the
ability to solvate hydrophobic surface (Parker et al., 1998). To do this, they measured the
free energy of solvation of N-Acetyl tryptophanimide (NATA), as a model for an average
hydrophobic residue, in a series of GdnHCI concentrations at 15, 25, 35, and 45 °C.
Using equation (22) (effectively treating it as a saturable binding process) they measured
the change in C 5 and AG, ,,, with temperature. A linear fit to the change in the C, s for
binding with temperature is then used to determine the C, at the experimental
temperature,

Cos (T) =(12.3 £ 0.2 M) - (0.16 £ 0.05 M/°C)(T) (23)
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which is then used to calculate the protein denaturant activity (D (T))by scaling the

average value of 7.5M for K, at 25°C to the temperature corrected value

Kiea(T) = (7.5/ Cy5(25)) » Cy5 (T) (24)
for use in equation (22) modified as:
D (T) = [GdnHCl]*( K..(T)/( K4o(T) + [GdnHCI)). (25)

The treatment of the denaturant dependence of solvation in terms of a hyperbolic
function was arrived at empirically but the fit parameters do not describe a physical
model. Although this formalism and the subsequent derivations to treat temperature

dependence seem to empirically work for the cases for which they were developed, the

application is likely to be limited, since it is not consistent with a general physical model.

Alternatively, it is possible to treat the AG,,,, of model compounds vs. GdnHCl in
terms of a quadratic function, which does provide a physical model based on simple
solution theories (Alonso and Dill, 1991).

AG,,,, (GdnHCl)= AG,[GdnHCl] + AG,[GdnHCI}? (26)
AG, accounts for the interaction of the solute with water or GdnHCI, while AG, accounts
for the interaction of water and GdnHCI. Alonso et al. demonstrated that this functional
form also provides an accurate description of the dependence of the solvation of
hydrophobic amino acids on GdnHCI. In combination with statistical thermodynamic
theory, a curved dependence of the free energy of unfolding of a representative protein
with GdnHCI can be predicted.

The dependence of AG,,, for NATA on GdnHCI can be fit with this formalism at
each temperature (Figure 3.2a) to yield AG, and AG, values with a dependence on

temperature (Figure 3.2bc). Because AGc is the free energy of binding to a protein site,
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and AG,c? is the excess free energy of binding two guanidines to the protein site (Alonso
and Dill, 1991), their dependencies on temperature can be fit to determine the enthalpy,
entropy and heat capacity of each binding event (Table 3.3).

AG = AH(T)) + AC, [(T-T,)) -T In (T/T))] (27)
(T, is the temperature at which entropy = 0)

AG, 3.76 £0.08 105 04 -14.2
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Figure 3.2. Dependence of AG,,,, of NATA on GdnHClI at 15 — 45 °C. a)The solid
curves were generated from the published parameters for the hyperbolic fits to the NATA
AG,,, calculated based on NATA solubility in Parker et al. Dashed lines are the fits to

equation (26). b) Temperature dependence of AG, and b) AG, fit with equation (27).
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Eyring analysis of temperature dependence
From the temperature dependence of the rate constant for unfolding, the enthalpy,

entropy and heat capacity changes associated with the unfolding transition state can be

extracted (Chen and Matthews, 1994):

In(ky/T)= A + B (To/T) + C In(To/T), (28)
A=[AS*(T)-AC,*)R + Inkp, (29)
B=[ACp*-AH¥(ToVTOIR, (30)
C=-AC,*R. (31)
Results and Discussion

Linear Extrapolation of Unfolding in Denaturant is not valid over a wide temperature

range
Comparison of oLP unfolding by GdnHCI or urea at 4 °C indicated that the

linearly extrapolated rates of unfolding in the absence of denaturant were identical within

error (Figure 3.3).
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Figure 3.3 oLP unfolding rates (in terms of AG*;) in GdnHCl and urea. ""_;
ok
In addition, the ratio of either slope to the slope calculated for the equilibrium unfolding e
transition provided equivalent estimates of surface area exposed upon unfolding (18%) -
(Chapter 4). This seemed to validate a simple linear dependence of aLP's unfolding rate ‘ K :f
N -
on either denaturant. ey
g

Measurement of the unfolding rate above 3M GdnHCI at a series of temperatures
between 4 and 37 °C also appeared to support a linear dependence (Figure 3.4a).
Although there does appear to be a slight decrease in m value with temperature, the slope
changes only about 8% over the experimental temperature range (Figure 3.4b). An
Eyring analysis of the extrapolated rates to extract the heat capacity, entropy and enthalpy

of the unfolding transition state demonstrated a good fit and yielded reasonable values for

those parameters (Figure 3.4c).
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Figure 3.4. LEM applied to unfolding rates between 4 — 37 °C. a) Linear fittoIn k, in 3
—7 M GdnHCI. b) Variation in m values with temperature. c) Eyring analysis of linearly
extrapolated unfolding rates in the absence of denaturant yields AC,* =1.1+£0.2
kcal/moleM, AH = 31 + 1 kcal/mol, TAS =5 + 1 kcal/mol (R = 0.9988).

However, measurement of the unfolding rate at SO °C, where unfolding is

accelerated enough so that it is possible to measure unfolding down to very low GdnHCl
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concentrations on a practical time-scale, revealed a strongly curved dependence on
GdnHCl. As shown in Figure 3.5a, application of the linear extrapolation model to the
data in the higher denaturant concentration range where unfolding data for most proteins
is accessible leads to a poor fit to the lower concentration data. This dependence was fit
extremely well by the denaturant binding model instead. Subsequent examination of
lower denaturant unfolding at selected lower temperatures showed that curvature did
become evident, and the data over the entire denaturant concentration range was fit much

better with the denaturant binding model than the LEM (Figure 3.5 b-d).

4a,,* (koabmol)

L i I 1 A ' 20
o os 1 16 2 28 3 a8 4

[GdniCI]) ()

*_ 23

Figure 3.5. AG*,,, dependence on GdnHCI at higher temperatures.
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As a test of the accuracy of the denaturant binding model extrapolation, we monitored
unfolding in GdnHCI at 60 °C, where unfolding occurs fast enough to measure directly.
Remarkably, the AG*y,,, predicted by the denaturant binding model (26.15 + 0.05

kcal/mol) is within error of the AG*;,,, (26.20 £ 0.01 kcal/mol) calculated from the

directly measured value.

26

24

4G, * (kcalmol)

1 1 1

1

3.5

1.5 2
[GdnHCI], M
Figure 3.6. Denaturant binding fit AG* ,,,, vs. directly measured AG* ;,,, at 60 °C.

The opportunity to follow denaturant induced unfolding over such a wide
temperature and concentration range for oLP illustrates the perils in assuming that a
linear dependence of AG at high denaturant ranges validates using LEM to determine
AGy;,0, and in assuming that linearity demonstrated by independent techniques at one
temperature holds for another temperature. In the case of aLP, the denaturant binding

model provides an accurate description of the curvature.
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Temperature Dependence of Denaturant Binding Model

Although the traditional denaturant binding model (AG,, = AGy;, - AnRT In (1+
kD)) fits the data extremely well at all experimental temperatures where curvature is
observed, close examination of the curvature with temperature reveals that it is most
extreme at 60 °C, and decreases with decreasing temperature. The 15 °C data, although
still well fit with the denaturant binding model, is much closer to linear, and the highly
linear 4 °C data could not be fit at all with the denaturant binding model (data not
shown). This changing curvature with temperature is reflected in the variation of the fit
parameters An and k (Table 3.4). Interestingly, they display an inverse dependence on

temperature, which appears to be exponential, as demonstrated by the linear dependence

on temperature of their natural logarithms (Figure 3.7).

Temperature (°C) An (binding sites) k (binding constant) ::‘-;
oot
15 30+20 0.07 £ 0.03
25 20+3 0.13+0.03
37 11+£0.5 0.28 + 0.02
50 56+0.3 0.8 £ 0.08
60 29+0.1 22+0.1

56






In (An)

-

o3 |

10. 2 - 30. Ad - 2 .50... .60... .70 r‘:~ i
T (°C) g
X
Figure 3.7 Temperature dependence of denaturant binding parameters. In (An) (circles) “_j

decreases with temperature, In k (squares) increases with temperature.

Because most other studies which have applied the denaturant binding model to ' 5
unfolding data at a series of denaturant concentrations were only carried out at one "”.
—

temperature (Pace, 1975), an analysis of the temperature dependence of these parameters

has not been previously possible. The meaning of this inverse temperature dependence is

not immediately clear in terms of the mechanism of denaturant unfolding the protein.

Strictly speaking it would indicate that as the temperature increases, the number of sites

exposed on the unfolding transition state decreases, from 30 at 15 °C to 3 at 60 °C, while . |
the strength of the binding increases 30-fold. The decrease in sites could indicate that the

transition state is becoming less fully extended at higher temperatures, but it is hard to

imagine that it is 10-fold more compact at 60 °C than at 15 °C.
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Using titration calorimetry, Makhatadze and Privalov found that k for the binding
of GdnHCI to three different unfolded proteins did change with temperature, but in the

opposite direction, decreasing from an average of 0.8 at 10 °C to 0.52 at 40 °C

(Makhatadze and Privalov, 1992). The discrepancy in the trend of the k with temperature

may be due to their assumption that An does not change with temperature, or to a
different behavior of binding a completely unfolded molecule in their case, compared to
the more compact unfolding transition state in our case. The bottom line appears to be
that there is a heat capacity involved in the effect of GdnHCI on unfolding, and the
traditional denaturant binding model in terms of the An and k parameters is not adequate
to accurately treat it.

However, if An and k are combined into an" effective m value" in analogy to the
LEM m value (see Methods), by assuming standard state conditions (1 M), the m value
actually corresponds to a AG term, which should describe the interaction of the
denaturant with the protein. The variation of this term with temperature displays a clear
linear dependence. With increasing temperature, the m value increases, in
correspondence with the increasing curvature in the AG vs. denaturant with temperature
(Fig 3.4.).

Remarkably, the linear fit to these m values calculated from the denaturant
binding parameters at 15 — 60 °C predicts an m value at 4 °C of 890 cal/mol, which is
within error of the m value of the linear fit to the 4 °C data (910 + 20 cal/mol*M), which
was confirmed by correspondence with the urea extrapolation. Therefore, we propose
that this effective m value offers a measure of denaturant protein interaction in terms of

energy, which quite accurately describes the degree of curvature expected in the data. It is
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likely that the slope of this interaction energy with temperature will vary depending on

the protein, and the degree and type of exposure of surface in the transition state or

unfolded state.
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Figure 3.8 Dependence of effective "m" value on temperature. Squares represent -
effective "m" values calculated from denaturant binding fits. Circle denotes the measured 2
4 °C m value by LEM. -

Temperature dependence of the denaturant binding effect is not due to the movement of

the transition state L
One possible source of the increased curvature in the denaturant dependence is

"movement" of the transition state, i.e. it is changing conformation with denaturant and

temperature. Reports of the fully denatured state changing with denaturant and

temperature have also been made (Dill and Shortle, 1991). This is thought to be because

the denatured state is a polymer conformation. If the monomer dislikes the solvent more

in the changed conditions, the conformation will collapse more, to make more monomer-
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monomer contacts. Lowering the temperature or removing denaturant therefore causes
the chain to shrink. Because the transition state is compact, rather than extended, it is
even more vulnerable to being affected by changing conditions.

This has been proposed to explain curvature and its temperature dependence in In
k, with denaturant for barnase, U1 A and mutants of S6 (Otzen et al., 1999). Based on
monitoring denaturant and pressure dependence of unfolding kinetics, Kiefhaber and
colleagues (Pappenberger et al., 2000) observe that the volume of the transition state for
tendamistat does increase with GdnHCI concentration. However, they did not determine
whether the transition state volume changes with temperature as well.

To test whether the increasing curvature with temperature is a property of the oLP
transition state, or the GdnHCI interaction with the transition state, we monitored
unfolding in urea at 60 °C, where the GdnHCl curvature is extremely pronounced.
Although very slight curvature is detectable in the data, the data are fit extremely well
with a linear extrapolation, leading to an m value identical to the 4 °C m value. This
indicates that the transition state surface exposure is not changing at all with temperature.
Therefore the changing GdnHCl curvature must be due to changes in the interactions

between the protein and GdnHCI1 with temperature.
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Figure 3.9 Urea denaturation at 4 and 60 °C.

Curvature is not due to ionic stabilization of the native state

One obvious possibility for the origin of the curvature is that the ionic nature of
GdnHCI could be leading to a stabilization of the native state, and that stabilization
increases with temperature. Stabilization of the native state by GdnHCI has been
observed for ubiquitin (Makhatadze, 1999) and RNAse T1 (Mayr and Schmid, 1993). If
this were the case, fitting the curvature would incorrectly extrapolate the AG* ;..
However, this is ruled out both by the correspondence of the denaturant binding
extrapolation with the directly measured unfolding rate at 60 °C (Figure 3.7), and the

correspondence of the urea extrapolation at 60 °C, which is not ionic.
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Solvent Transfer Model Fails to describe Dependence of aLP AG’, on Denaturant or
Temperature

A possible source for that heat capacity is the change in the solvation of exposed
hydrophobic surfaces by GdnHCI with temperature. The solubility studies of model
compounds in various concentrations of GdnHC] demonstrate that dependence of the
solvation free energy on GdnHCl is most curved for the transfer of the hydrophobic
amino acid side chains from water to GdnHCI (Nozaki and Tanford, 1970). Obviously
one would expect a temperature dependence to the solvation of the hydrophobic amino
acid side chains as well.

The Clarke group has applied an alternative method for fitting curvature in the
dependence of AG on denaturant based on the known solvation free energies for amino
acid sidechains at 25 °C (Staniforth et al., 1993), (Parker et al., 1995). They have further
developed their model to incorporate the dependence of denaturant on temperature, based
on the change in solvation energy for the hydrophobic model compound NATA with
temperature (Parker et al., 1998). The change in accessible surface area for each amino
acid of each type buried in a specific protein core is calculated from the difference in
surface area between the crystal structure and a model of an extended chain. The
solvation energies can then be appropriately summed at each GdnHCI concentration, to
give the change in solvation energy for an average internal side chain of that protein. For
the proteins in their studies, this is adequate to describe the curvature with denaturant.
Their temperature corrected denaturant activity also corrects for changing denaturant

dependence with temperature (Parker et al., 1998).
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Figure 3.10 Analysis based on solvation energy for average internal sidechain in aLP.

We did this analysis for aLP at 25 °C (see Methods), but when we applied the
"denaturation constants" derived from the internal solvation GdnHCI dependence to
equation (21) (AG*y= AG,;,0 + nAG,[D)/(K,., + [D)) fitting for AG*,,, and n (number of
internal side chains exposed in the transition state), the fit was quite poor (Figure 3.8).
The curvature predicted by that fit is obviously more pronounced than the actual
experimental data warrants.

Accordingly, when we calculated a denaturant activity using their method (23) -
(24), instead of becoming linear, as is the case for their proteins, a curvature in the
opposite direction resulted for the AG*, dependence on denaturant at 25 °C (Figure
3.11c). This type of over-correction of curvature in the denaturant dependence using the
Clarke denaturant activity calculation has also been seen by Oliveberg and colleagues

(Otzen et al., 1999).
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Figure 3.11 AG*; vs. GdnHCl activity calculated using Parker et al. (Parker et al., 1998)

In addition, correction to denaturant activity at higher temperatures resulted in a

shifting curvature from the strongly opposite curvature at lower temperatures (Fig.
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3.11bc) the pronounced upward curvature (as in the original AG*; vs. GdnHCl M data) at
60°C (Fig. 3.11a).

This could be a result of the aLP transition state exposing surface with an
opposing effect on solvation energy (i.e. polar surface interacting with GdnHCl due to its
ionic nature), whereas unfolding their proteins doesn't expose such surface. Another
possibility is that the model for analyzing the transfer data for sidechains only to
determine the solvation energy for unfolding in GdnHCl is over-predicting the curvature,
or it could be revealing the limitations of the non-physicd hyperbolic treatment of the

solvation energies of the protein.

Physically based Quadratic Formalism

As described in Methods, a more physically realistic model for the effects of
GdnHCI on hydrophobic solvation uses a quadratic formalism (Alonso and Dill, 1991).
If we plot AGy vs. AG,,,, for NATA at the appropriate temperature and denaturant
concentration calculated with the quadratic formalism, then the effects of hydrophobic
solvation should be accurately removed. This does decrease the curvature without
causing downward curvature at lower temperatures, but significant curvature still remains

(Figure 3.12).
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Figure 3.12 AG*, vs. GdnHCI corrected for hydrophobic solvation energy (AG,,,).

This indicates that, contrary to common assumption (Alonso and Dill, 1991),
(Makhatadze, 1999), (Parker et al., 1995), the curvature in AG; and AG*; dependence on

GdnHCI does not solely result from the hydrophobic solvation effects. Although for
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some proteins, correction for that does lead to linearity, in aLP and presumably other
proteins there are other effects that can lead to curvature. For oLP, which is highly
charged (pI = 10) it is very possible that interactions of polar surfaces with the ionic

GdnHCI molecule are involved.

Conclusions

The results of the characterization of the unfolding kinetics of oLP over an
extensive temperature and denaturant range lead to important cautions pertaining to the
analysis of GdnHCl induced unfolding data. By following the unfolding kinetics from
the high GdnHCI concentrations typically accessible through to zero denaturant, we
conclusively demonstrated that apparent linearity in the dependence of In k,/ AG*; on
GdnHCI concentration at those high concentrations can belie significant curvature which
is revealed only at lower concentrations. Therefore extrapolations from apparently linear
high concentrations can lead to serious errors in thermodynamic parameters calculated
based on them. For aLP, an Eyring analysis based on the linear extrapolations from
measurements between 3 — 7 M GdnHCI was incorrect compared to the correct fit to the
curved data between 0 — 7 M GdnHCI (Chapter 4) by +13 kcal/mol for AH* and + 14.5
kcal/mol for TAS*. This underscores the importance of confirming extrapolations from
high denaturant concentrations through coincidence of different denaturants, or
measurement by other means such as DSC, or HX under low to zero denaturant
concentration.

A second important caution based on these results is that there can be a distinct

temperature dependence to the GdnHCl-protein interaction. In the case of oLP, this leads
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to increasing curvature in the dependence of In k, and AG*; on GdnHCI concentration
with increasing temperature. As a consequence, extrapolations need to be confirmed not
only at one temperature, but over the entire experimental temperature range.

We demonstrated that the denaturant binding model provides an extremely
accurate fit of the curvature in AG*; with GdnHCl at all temperatures for oLP. At 60 °C
it predicts a AG*,,, within error of the AG*,;,, based on the directly measured k,. The very

slight curvature observed at 60 °C in urea suggests that the LEM model is actually

lacking adequate sophistication to model urea unfolding as well. For urea however, the "
difference in AG*y,, extrapolated by linear extrapolation vs. denaturant binding is ‘;
insignificant: both are within error of the AG*,, based on the directly measured k,. ;‘:
Therefore, we suggest using urea when possible to monitor unfolding, and using the “ﬁ
denaturant binding model to treat GdnHCI dependent unfolding data. o
However, parameters describing the denaturant dependence (An and k in the ,:
denaturant binding model analysis) cannot be assumed to be independent of temperature, 5

as is sometimes done. For aLP, the number of binding sites (An) and the GdnHC1
binding constant (k) display an inverse dependence on temperature which is not readily
interpretable. We propose combining them into a single "effective m value", with units
of kcal/mol under standard state conditions (1 M), corresponding to an energy of
denaturant interaction.

The "effective m value" calculated from the denaturant binding fits varies linearly
with temperature, describing an increasing energy of denaturant interaction with
temperature, corresponding to the increasing curvature observed. At 4 °C, the "effective

m value" calculated based on the linear fit is identical to the measured m value using
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LEM, which was confirmed by urea extrapolation as well. Therefore this "effective m
value" may provide a useful means for describing the energy of denaturant interaction
with a protein, with a slope with temperature that will vary depending on the protein, and
can be used for comparison.

The curvature we observe in dependence of AG*; on temperature is in part due to

the changing ability of GdnHCI to solvate hydrophobics with temperature. The

hydrophobic solvation contribution to the denaturant effect can be removed by plotting :
the AG*; vs. a temperature appropriate hydrophobic solvation energy calculated using a 3
quadratic formalism to describe the change in NATA solvation by GdnHCl with i
temperature. Despite lessening the extent of curvature, it nevertheless remains and :\3
changes with temperature. (The Parker method of calculating a denaturant "activity" u:i‘
based on the NATA solvation data is not valid for oLP: curvature remains at higher .
temperatures, and switches to a downward curvature at lower temperatures.) Therefore, I_:f'
contrary to common assumption, the change in hydrophobic solvation with temperature is :.;
-

not the sole origin of curvature in GdnHCI dependence.

Another possibility for changing curvature in the dependence of In k, / AG*; on
denaturant and temperature is movement of the transition state with changing conditions.
It may be that the aLP transition state does change some with GdnHCI concentration:
Kiefhaber and colleagues recently showed convincingly that the tendamistat transition
state increases in volume with GdnHCl (Pappenberger et al., 2000). However, we

showed that the oLP transition state is not changing with temperature. The m value

based on LEM determined by unfolding in urea is exactly the same at 4 and 60 °C,

69



indicating that exposure of hydrophobic surface in the transition state is the same at both
temperatures.

Therefore the change in curvature in GdnHCl dependence of AG*; with
temperature must be a result of a change in the denaturant- protein interaction in addition
to the change in hydrophobic solvation. We suggest that electrostatic interactions
between the ionic GdnHCI molecule and the transition state may be a cause of curvature.
It is likely that electrostatics will contribute to curvature in GdnHCl dependence of AG*
for highly charged proteins like aLP (pI = 10), but may not be a factor in more neutral
proteins. Therefore some proteins can display a linear dependence of AG or AG*; on
GdnHCI once the hydrophobic component is removed (Parker et al., 1998).

In addition, there may be more of a propensity for curvature in AG*; on GdnHCl
than AG, depending on whether the Gdm* or CI ions are screening repulsive or attractive
charges close in proximity in the transition state, compared to the fully extended unfolded
state. Electrostatic interactions may also contribute to curvature in an opposite direction,
providing a reason why some proteins display linearity in AG, with GdnHCl
concentration, even though there should be curvature in unfolding all proteins due to

hydrophobic solvation.

Future Directions
General formalism incorporating curvature in dependence of AG, and AG*, on GdnHCI

and temperature

The preceding results would suggest that the solution to non-linearity possibilities

would be to use urea as the unfolding agent. However, urea has the disadvantage of
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decomposing over time (t,,= 8 days (Pace, 1986)) and at high temperatures to form
cyanate, which can affect the denaturing ability of the urea as well as may interact with
the protein. In addition, urea is 2 — 3 times weaker than GdnHCI (Pace, 1986) and many
proteins of interest are very stable and only unfolded in high concentrations of GdnHCI.
Also, as seen in Figure 3.9, there is a slight curvature to the urea data at 60 °C as well,
suggesting that although a linear extrapolation is very close, a more accurate treatment
would incorporate curvature.

Since a traditional denaturant binding model does fit the GdnHC] data extremely
well, but leads to a non physical dependence of the number of sites exposed on
temperature, we are developing a modified denaturant binding formalism, which treats
the temperature dependence solely in terms of the binding. The binding is treated with
the quadratic formalism based in solution theory, allowing a physical interpretation of the
parameters and their temperature dependence. Using the temperature dependence of the
binding parameters for NATA, we will be able to incorporate the changing contributions
of solvating hydrophobic residues by GdnHCI with temperature. This will allow us to
derive an expression which inputs those known parameters, and fits the measured change
in AGy and AG*; with temperature and denaturant, yielding the AG,,;,, and AG*y;,, and
parameters describing the change in AG not due to the hydrophobic effect. Although
there may be more solvent contributions to the AG dependence than purely hydrophobic
ones, this will at least provide a means for removing the known temperature dependence

of hydrophobic solvation in the analysis of denaturant unfolding data.
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Electrostatic contributions to temperature dependent change in denaturant effect

Figure 3.12 showed that the removal of the temperature dependence of GdnHCl
hydrophobic solvation (as modeled by NATA transfer) still results in curvature in the AG
vs. GdnHC, and that curvature still has a temperature dependence. This could be due to
the fact that GdnHCl is ionic, and oLP is highly charged. An obvious experimental
approach to determine whether electrostatics are the origin of the remaining curvature in
aLP would be to look at the effects of salt and pH on unfolding in urea.

In analogy to the NATA transfer experiments, it would be useful to determine the
temperature dependence of the transfer of models for + and - charged amino acids into
GdnHCI. This would allow the removal of the effect of GdnHCl on polar solvation in
addition to the hydrophobic solvation effect on the denaturant dependence of unfolding.
In terms of developing a formalism for analyzing denaturant dependence of unfolding
which allows the incorporation of parameters completely describing the general effects of

GdnHCI on solvation alone, determining the temperature dependence for the transfer of

each individual amino acid would be the most accurate.

72

wd ¥ U

-

A

;%

L B e

b

.
(%]

(¥Y)

T



Chapter 4. Thermodynamic Nature of Kinetic Stability in aLP.
Introduction

oLP is synthesized as a precursor molecule, which is processed to the mature
198aa active protease by autolytic cleavage of the 166aa pro region (Silen et al., 1988),
(Silen et al., 1989). Folding of aLP requires the activity of this pro sequence, which
appears to function by reducing a large kinetic barrier that prevents an inactive molten
globule-like intermediate from reaching equilibrium with the active native conformation.
We have recently demonstrated that after cleavage and proteolytic degradation of the pro
region, the native state is actually kinetically trapped in a conformation with less
thermodynamic stability than the both the intermediate and the completely unfolded state
(Sohl et al., 1998). This highly unusual result suggests that the evolution of kinetic
barriers (together with catalysts like the pro region) as a means to gain stability can
render thermodynamic stability unnecessary.

Based on titration calorimetric studies, we determined that the native state is
favored over the intermediate by 18 kcal/mol, implicating the entropy change as the cause
of the unusual balance of stability favoring the unfolded states. A possible source for
excess favorable entropy in unfolding aLP was revealed from examining the sequence of
oLP, which has 16% glycines, compared to 7% on average in protein sequence
(Creighton, 1993) and 9% in chymotrypsin, a thermodynamically stable homologue.
Because glycines lack a sidechain, unfolded states can sample more conformations,
resulting in ~0.7 kcal/mol contribution to the entropy favoring unfolding (D'Aquino et al.,
1996). In addition, we proposed that by allowing tighter turns and better packing in the

folded state, a large number of glycines could lead to a more rigid native conformation,
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possessing smaller entropy than usual. Indeed, there is evidence that the aLP native state
is highly rigid by a number of measures of conformational flexibility (protease
sensitivity, B factors, HX protection factors).

Here we investigate further the thermodynamics and surface accessibility of the
components of the oLP folding pathway, in particular the kinetic barrier. We determine
surface area burial as a measure of the degree of folding of the intermediate and transition
states. From the dependence of the unfolding kinetics on temperature, we determine the
activation parameters of the unfolding barrier and how they change with temperature.
This combined insight into the balance of entropic and enthalpic penalties and the degree
of surface area exposure in the transition state lead to a model for the physical properties
underlying the kinetic stability of oLP. In addition, the combination of the surface
accessibility and the unfolding activation parameters with the previous thermodynamic
results allows us to construct a nearly complete folding reaction profile for oLP.

Probing the thermodynamics of aLP 's high barrier will provide insight not only
into the aLP landscape, but into kinetic barriers in general. Kinetic barriers separating
two biologically relevant conformations are evident throughout nature (Baker and Agard,
1994). Serpins rearrange from an inhibitory metastable conformation to an inactive
stable one, at a physiologically important rate determined by a high but not
insurmountable barrier between them (Baker and Agard, 1994). Other systems may have
evolved barriers which are higher and therefore require additional assistance such as the
action of a pro region in folding many extracellular proteases in addition to oLP (Baker
et al., 1993), (Eder and Fersht, 1995). Amyloidogenic proteins appear to populate two

different conformations, a normal cellular one and a misfolded fibril forming one (Kelly,
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1996). In these cases the ability to seed fibril formation of normal protein through adding
a small amount of already formed fibril indicates that the seed is able to lower the barrier
between the two conformations to catalyze fibril formation. Although the barrier heights
and relative stabilities of the separated conformations will be variable depending on the
protein, investigation of the basis for such high barriers may provide insight into how to

manipulate them, and how to engineer greater stability through barriers in target proteins.

Methods
Materials
GdnHC] and Urea (ultrapure) were from ICN (Cleveland, OH, U.S.A.) Stocks
were filtered through a 0.22 pM filter and the concentration was determined using
refractive index measurements (Pace 86). All other chemicals were from Fisher.
SA195 alLP expression
D1210 E. coli transformed with the bicistronic pro region SA195 construct (Sohl
ref)were grown at 37 °C in 4.5 — 6 L LB media or LXY media (15 g yeast extract, 10 g
NaCl/ liter) buffered at pH 6.8 with 60 mM ACES to an OD, of 1.8 (LB) or 2.5 (LXY),
shifted to 12 °C for two hours, then induced with 0.1 mM IPTG.
SA 195 aLP purification
Supernatant from the cells harvested 6 — 7 days post induction was diluted 4 — 5-
fold with dH,0 and brought to pH 4.5 — 5. 50 mls S-Seph beads were added and mixed
overnight. Beads were collected and washed with 10 volumes 10 mM NaOAc pH 5.0,
then 5 volumes either 10 mM Glycine, pH 9.6 or 10 mM Hepes, pH 8.4. SA195 was

ehated in a noncovalent complex with the pro region using 10 mM Glycine pH 9.6, 200
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mM NaCl. Incubation with trypsin coupled beads at pH 7.5 or 0.1 mg/ml pepsin at pH 3
for 1 — 12 hours followed by dialysis against or 1:4 dilution with 10 mM NaOAc pH §

digested the pro region. Post protease treated material was loaded onto either Pharmacia

MonoSHR10/10 HPLC and eluted with 10 mM NaH,PO, 10 - 500 mM NaOAC, pH 7.2,

or Vydac VHP81010 and eluted with 10 — 500 mM NaOAc pH 5. Final protein was
filtered through a 0.22 pM filter and judged pure as determined by silver stained gel,
mass spectrometry and N-terminal sequencing. The x-ray structure of SA195 is virtually
identical to that of the wild type (S.S.J., S.D. Rader and D.A.A. unpublished data).
Calculation of Buried Surface Area
The program ACCESS was used to determine accessible surface area, using a
probe radius of 1.4 A, slice width 0.25 A, and atomic radii by (Richards, 1977). For
native oLP, the pdb file 2alp was used. An extended model of the unfolded molecule
was built using InsightlI as described in Myers et al. (Myers et al., 1995) O, N, and S
atoms were counted polar, C was counted nonpolar.
Calculation of my,
AASA,; was corrected for the three disulfides in oLP (-900 A% disulfide)
(Myers) and used in the equations:
my y, (GdnHCI) = 953 + 0.23(AASA)
my_y, (urea) = 368 + 0.11(AASA)
Kinetic Unfolding Experiments
Unfolding reactions were done in 10 mM KOAc pH 5.0 and initiated by manual
mixing to a final SA195 concentration of 0.1 to 1.75 uM for fluorescence or 7 uM for

circular dichroism studies. Guanidine denaturation was carried out at 4, 15, 25, 37 50,
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60, 70 °C. Refractive index measurements were used to accurately measure the
concentration of GAdnHCl in each sample (Pace, 1986). Fluorescence experiments were
done using an 8100SLM-Aminco Fluorimeter connected to an external thermostat bath.
Excitation was at 283 nm and emission at 322 nm. Circular Dichroism experiments were
monitored at 225 nm using a Jasco J-715 Spectropolarimeter with a Peltier temperature
control. Nonlinear regression analysis with the program Kaleidagraph (Abelbeck
Software, Reading, PA) was used to obtain the monoexponetial rate constants.

Analysis of Unfolding Kinetics

Applying transition state theory by the method of Chen, ez al. (Chen and
Matthews, 1994) the activation free energies at each denaturant concentration were
determined from the rate constants:

AG*;=-RT Inkh/kT. (1)
Below 25 °C the linear extrapolation method (LEM):

AG*, = AG'y,, - m [den] (Pace, 1986) (2)
was used to determine the activation free energy of unfolding in the absence of
denaturant. At 25 °C and above (see Chapter 3), the data were best fit with the
denaturant binding model, which assumes a discrete number of binding sites for
denaturant on the unfolded molecule:

AG*; = AG*,;50 - An RT In(1 + k[den]), (3)
where An= difference in # binding sites between the native and transition state ensemble
(normally the unfolded molecule for equilibrium unfolding) and k = equilibrium binding
constant for denaturant (Pace, 1986). At 60 and 70 °C the unfolding rate was measured

directly in the absence of denaturant.
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Analysis of temperature dependence
In itself, the AG*, indicates the height of the barrier, but to understand the high

energy of the barrier in terms of possible physical contributions, it is necessary to probe the
components underlying the free energy: enthalpy and entropy.

AG', = AHY, - TASH,. (4)
Because both AH*; and AS*; change with temperature as determined by the heat capacity of
the transition state,

AH'y = AHy + AC 'y (T - Ty) (3)

AS*y=AS, + ACH In (T/ T,) (6)
monitoring the change in AG with temperature allows the extraction of AH*;, AS*;and AC},
using an equation derived from equations (4) — (5) (Chen and Matthews, 1994):

In(k/T) = A + B (T/T) + C In(T/T), (7)
A =[AS*\(T) - AC,',JR +Inkg/ h,
B= [ACth - AH' u(T)/ToVR,
C=-AC},/R.

Results
Solvent Accessibility of Intermediate and Transition States

The exposure of solvent accessible surface area provides a measure of how folded
a component of a folding pathway is, relative to the fully folded state (Jackson, 1998).
Obviously it is not possible to obtain a high resolution structure of the molten globule
intermediate and transition states of oLP in order to directly calculate the solvent
accessible surface area. However, the slope of the denaturant dependence for unfolding

(m-value) has been shown to be proportional to the amount of surface exposed on
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unfolding (Myers et al., 1995). Therefore the solvent accessibility in each state relative to
the native state can be determined based on the ratio of the m-value for the appropriate
transition (m, s or m, ;) and the m-value for complete unfolding of the native state
(myy). These are used to determine a parameter known as B, describing the position of
conformations along the reaction coordinate for folding (Jackson, 1998) or fraction
folded:

Brs= 1- my.rs /myy Bi=myy /myy
with a B value of 1 indicating burial of surface equivalent to the native state, and B value
of 0 indicating as much surface exposure as the completely unfolded molecule.

The large kinetic barrier separating the native state from the unfolded
conformations prevents the measurement of equilibrium unfolding to directly determine
myy,- However it is easily calculated from the known AASA, , based on the correlation
between AASA, , and my ; (Myers et al., 1995) (see Methods).

The B parameters were determined from the calculated m, , values and the
measured my s and m, ;, from previous experiments monitoring the urea induced
unfolding of the intermediate (Sohl et al., 1998) and the GdnHCl and urea induced
unfolding of the native to the transition state (Figure 3.3) (Table 4.1). The intermediate
buries about half of the surface buried in the native state, while the transition state is
highly native like, with 80% of the surface buried.

Both of these results are in keeping with other experimental evidence. The
intermediate is known to be a molten globule, and by gel filtration elutes at a molecular
weight about twice that of the native state (Baker et al., 1992b), so the result that it is

only about half folded based on surface area makes sense. A highly native-like transition
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state was expected, based on the fact that the oLP pro region binds very tightly to it as
well as the native state, indicating that they must share structural features (Baker et al.,

1992a), (Sohl et al., 1998).

Table 4.1 M value analysis to determine f for I and TS.

« | measured N-U B
Parameter |Transition value (calculated®) | (fxn folded)
urea
m value 1-U 1100+ 60| 2250 49
(cal/moleM)
urea
m value N-TS 400 + 20 2250 .82
(cal/moleM)
GdnHCI
m value N-TS 910+ 10 4900 .81
(cal/moleM)

Activation parameters for unfolding

Although the transition state exposes less than 20% of the surface area buried in
the native state, unfolding to it from the native state is accompanied by a loss in free
energy of 26 kcal/mol (Sohl et al., 1998). In order to understand the basis for this huge
barrier, we probed the enthalpic and entropic components of the barrier, through
measuring change in the unfolding rate constant with temperature.

Unfolding monitored by loss of tryptophan fluorescence or elliptical absorbance
at 222 nm by circular dichroism results in identical single exponential rate constants
(Figure 3.2). As these techniques provide measures of tertiary and secondary structure,
respectively, this indicates that aLP unfolds in a single cooperative two-state transition.

Therefore we could use minimal amounts of protein to perform an extensive series of
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fluorescence unfolding experiments at temperatures ranging from 4 — 70 °C and GdnHCl

concentrations between 0 — 7 M. ’

4
~

The linear extrapolation of In k, vs. GdnHCI to obtain the unfolding rate in the
absence of denaturant at 4 °C was previously published (Sohl et al., 1998). Due to a
temperature dependent denaturant binding effect, data at 25 °C and above were best fit
with a denaturant binding model to determine the unfolding rate in water (effect
described and fits shown in Chapter 3). At 60 and 70 °C, unfolding could be measured

directly in the absence of GdnHCl (Figure 4.1).

LS
}4
-
”m
1 4
&
S
210°
re
.
15 10° x ‘
r
§ e
.-
110° ™

510° g

I iy 'S 1 '3 o l ¢y
0 110° 210 310° 410° 510° 6€10° N
Time, sec

Figure 4.1 Unfolding of aLP in the absence of denaturant monitored by fluorescence at -
60 and 70 °C. 60 °C unfolding in green circles (k, =4.122 x 10 £ 8 x 10”® sec™"), 70 °C
unfolding in blue squares (k, = .000924 + 1 x 10 sec™)
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Using the rates of unfolding in the absence of GdnHClI, an Eyring analysis was
performed to fit the dependence of the unfolding rate on temperatures and extract the

thermodynamic activation parameters (Chen and Matthews, 1994) (Figure 4.2).

-10 l 5 T I

directly measured

15 \@ in 0 denaturant =

x |
= extrapolated from ¥
-20 - denaturant - -

i

R=.99965 §

_25 | | | | :f}
0.0028 0.003 0.0032 0.0034 0.0036 0.0038 )
70°C 1 > 4°C 4

1T(K™) &

Figure 4.2 Eyring analysis of unfolding barrier. In (k/T) (black: k, extrapolated as
described from denaturant, blue: directly measured in zero denaturant) vs. 1/T between 4

— 70 °C is well fit by an Eyring analysis (R = 0.99973). At 25 °C, AC,%, = 1.305 + 0.04,
AH*; = 18.1 £ 0.6, and AS*; = -0.032 + 0.002.

As indicated by the significant curvature with temperature, a substantial heat
capacity difference (1.3 kcal/mol*K) exists between the native and transition states. This
points to a large exposure of hydrophobic surface area in the transition state (Myers et al.,
1995), (Makhatadze and Privalov, 1995), corresponding to about 40% of the hydrophobic

surface area exposed on total unfolding (based on a predicted AC, value of 3.3
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kcal/mol*K for aLP's known AASA, ; (Table 4.1)). This is 20% more surface exposure
than predicted by m-value analysis. Such a discrepancy between AC, , and m-value
predictions has been noted before (Plaxco et al., 1998a), (Plaxco et al., 1998b),
(Baskakov and Bolen, 1999) and the origins are uncertain. However, as mentioned
above, the ability of the transition state to bind with subnanomolar affinity to the pro
region (Sohl et al., 1998), which is also a subnanomolar inhibitor of the native enzyme
(Baker et al., 1992a) strongly suggests that the transition state is 82% native-like, rather
than only 60%.

Because of the large heat capacity, the relative contributions of enthalpy and
entropy to the unfolding barrier change significantly over a physiologically relevant
temperature range (Figure 4.3). At low temperatures, the barrier is entirely entropic in
origin, but as the temperature increases, the enthalpic component begins to dominate.
The unfavorable entropy at lower temperatures indicates that the entropic penalty for
ordering solvent around the newly exposed hydrophobic surface area is greater than the
increase in configurational entropy on unfolding. However, at higher temperatures, the
favorable configurational entropy dominates over the unfavorable solvation entropy,
leading to an overall favorable entropic term. The large enthalpic penalty faced for
unfolding at high temperatures arises from the loss of favorable native state interactions.
The favorable enthalpy at lower temperatures indicates that the unfavorable loss of
interactions must be outweighed by favorable interactions between the solvent and the

exposed surface of the transition state.
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Unfavorable

Figure 4.3 Change in unfolding barrier with temperature. a) Enthalpy becomes less
favorable as Fhe temperature increases. b) Entropy becomes more favorable as the
temperature increases.
Activation parameters for folding

The origin of the refolding barrier, which is even larger than the unfolding barrier,
is also of great interest. Unfortunately, because of the extreme sensitivity of the
intermediate to temperature, it is not possible to measure refolding over a temperature
range large enough to accurately determine the temperature dependence of the entropy
and enthalpy of refolding. However, AH_ and ASy; are known at 10 °C (Sohl et al.,
1998), and therefore it is possible to subtract the unfolding activation parameters at 10 °C
to determine the contributions of enthalpy and entropy to the refolding barrier at 10 °C

(Table 4.2).
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Table 4.2. Activation parameters for the unfolding barrier and refolding barrier.

Parameter | N-TS 1-TS N-I
e ——————— ———— |
(kcgl/(r?:lol) 26+ 1 30 + 1 -4x0.1"
camoy | -2 21 | 2022 1822
(;UA"‘SO') -28+1 502 2+2

* measurement at 4°C

Based on this calculation, the refolding barrier at 10 °C appears entirely entropic,
while the enthalpy term is actually favorable for folding. This can be understood based
on the fact that the intermediate is a molten globule ensemble, stabilized entirely by
entropy, and in fact has more than usual entropy, due to the high number of glycines
(Sohl et al., 1998). Therefore folding to the highly native-like transition state would
result in a great loss of configurational entropy, but a gain in enthalpy from forming some

favorable interactions in the transition state.

Discussion
Reaction Profile for aLP folding

The combined thermodynamic information for the folding of olLP at 10 °C is
summarized in terms of a folding reaction coordinate, with the position of each state
specified by the B parameter (Figure 4.4). The most striking feature of the folding
reaction profile is that both the folding and unfolding barriers are entirely entropic in

origin. The enthalpy, however, is favorable for both folding and unfolding
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Figure 4.4 oLP folding reaction profile. The change in G, H, and -T*S with position in
folding (B), with the native state arbitrarily set to zero. oLP faces an entirely entropic
barrier in both folding and unfolding.

AR o

In comparison to other proteins, both the enthalpy and entropy of the transition
state are unusual. In most other cases we are aware of, at low temperatures there is an
enthalpic penalty for both unfolding and folding to the transition state. This is thought to
be due to a loss of many favorable native state interactions in unfolding, and the
requirement for energy to form new bonds in folding to the transition state (Oliveberg et
al., 1995). For oLP at 10 °C, however, the enthalpy of unfolding is slightly favorable (-2

kcal/mol), and there is a -20 kcal/mol favorable enthalpy for folding. While entropic
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barriers to folding are common, unfolding is usually accompanied by a loss in entropy ’

(favorable), which is attributed to the gain in configurational entropy. /-

What is the origin of the favorable enthalpy of unfolding ?

One possibility for the absence of an enthalpic penalty for unfolding is that the TS
is highly native-like, unfolding only 18% based on the m value analysis, and therefore
might retain most of the favorable interactions of the native state. However, CspB, which
has an even more native-like TS (<10% unfolded), displays an enthalpic penalty of more

than 5.5 kcal/mol between 10 — 37 °C (Schindler and Schmid, 1996). In addition, the

slightly favorable activation enthalpy for aLP unfolding is particularly unusual given the k
substantial increase in heat capacity (1.3 kcal/mol*K) of the transition state. This E
indicates significant new exposure of hydrophobic surface, which is typically thought to .
require the breakage of bonds (resulting in a positive, unfavorable enthalpy). 5
It is possible that the unfolding of oLP occurs through some unusual cooperative i

’

transition associated with little enthalpic loss. In addition, the loss of enthalpy from
interactions broken in the native state may be compensated by favorable interactions of
the solvent. Favorable enthalpy could come from H bonding between newly ordered
solvent molecules around the hydrophobic surface, as well as from interactions of the
solvent with newly exposed polar groups in the transition state. aLLP is highly charged (pI
= 10), and there is preliminary evidence that LP may bury more polar surface area than
average (Jaswal & Agard, unpublished data), which could lead to a greater percentage of
polar surface available in the transition state to hydrogen bond with the solvent. In any

Case, it seems that the relationship between the hydrophobic and polar surface exposed in
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the transition state remains an important issue to sort out in order to truly understand the

origin of the favorable unfolding enthalpy.

What is the origin of the favorable enthalpy of folding ?

For most proteins, folding results in an enthalpic penalty over an experimentally
accessible temperature range. Some proteins (CI2 and CspB) do demonstrate a large
enough decrease in this penalty with temperature, that it leads to an increasingly
favorable enthalpy of folding (above 37 °C for CspB (Schindler and Schmid, 1996), and
above 50 °C for CI2 (Oliveberg et al., 1995)). Oliveberg and colleagues attribute negative
activation enthalpies of folding to "heat capacity changes in the activated complex,
temperature-induced changes of the ground state, or a combination of both." (Oliveberg
et al., 1995)

It may not be necessary to invoke such changes in the case of aLP, given that
there are several possibilities for favorable enthalpic contributions to the transition state.
As mentioned before, the oLP transition state is highly native like and therefore may
have formed a significant number of favorable internal interactions. In addition, as
described in the previous section, enthalpically favorable interactions between ordered
solvent molecules, as well as many favorable polar interactions with solvent may be
playing a role. The fact that aLP has a negative activation enthalpy of folding at much

lower temperatures than other proteins deserves notice, but is not immediately

interpretable.
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What is the origin of the unfavorable entropy of unfolding?

As has been noted before interpretation of the absolute values of AS* is tricky,
because they "depend on the choice of the preexponential factor in the Eyring equation"
(Schindler and Schmid, 1996), which is a matter of continuing debate. However, it's
clear that an overall unfavorable entropy results from the dominance of the entropy of
solvent ordering around the exposed hydrophobic surface over the favorable entropy of
increased configurational freedom on unfolding (Schindler and Schmid, 1996), (Chen and
Matthews, 1994). Once again, the role of the solvent in determining the thermodynamics

of the transition state is apparent.

Conclusions

Folding of alLP through the intermediate and transition states to the native state
involves the burial of 50%, then 80% respectively of the total surface buried in the native
state. At 10 °C, folding from the entropically stabilized intermediate to the transition
state is accompanied by a huge entropic penalty, likely resulting from the loss of a greater
than usual configurational entropy. Such an entropic penalty is typical in the folding of
proteins, however, the accompanying gain in enthalpy on folding to the transition state is
usually only seen at higher temperatures. This is likely to result in part from the
formation of many favorable interactions in the highly native-like transition state.

In addition, we propose that solvent interactions due to the oLP transition state
surface exposure may also play a significant role in the favorable enthalpy. The exposure
of hydrophobic surface in the transition state, which is ~40% that of the completely

unfolded molecule causes ordering of solvent, may lead to favorable hydrogen bonding
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between solvent molecules. In addition, the transition state may be stabilized
enthalpically by interactions of exposed polar surface with solvent.

Because of these solvent interactions leading to favorable enthalpy, unfolding to
the transition state also is favored uncharacteristically by enthalpy. Therefore the barrier
to unfolding, as with refolding, is entirely entropic in origin. We ascribe this partly to the
solvent effects; as well, the unfavorable entropy of hydrophobic solvation compensates
for the favorable gain in conformational entropy.

Additionally, we propose a qualitative model for the transition state in which the
two domains of oLP remain largely intact and folded, but open up slightly from each
other, to expose significant surface to solvent in the form of a crevice between the two
domains (Figure 4.5). This would explain how the large exposure of hydrophobic surface
on unfolding to the alLP transition state occurs without a large enthalpic penalty, and with
only unfavorable entropy. The two domains remain well packed, retaining the enthalpic
stabilization, and since the loosening of the structure occurs without large-scale
unfolding, there is not a large enough increase in configurational entropy to outweigh the

unfavorable entropy of ordering the solvent along the domain interface.



Figure 4.5 Model for aLP TS. Unfolding to the TS occurs through the opening of the

two domains, exposing a large amount of hydrophobic surface area to solvent (*) without

significant perturbation of the two domains.

Future Directions

Obviously the interpretation of these thermodynamics in terms of a more
quantitative physical model for changes in the protein along the reaction coordinate is
impossible without knowing the contribution of solvent interactions, both with the
protein, and between solvent molecules. As a next step, we plan to use data on the
thermodynamics of transfer from oil to water of model compounds approximating the
various protein groups to calculate the estimated solvent contributions to the
thermodynamics of unfolding (Makhatadze and Privalov, 1995). This will allow us to
roughly deconvolute the solvent from the protein contributions, allowing actual insight
into the internal thermodynamics of the protein.

In order to determine a more accurate estimate for the activation AG* and AS*, it
would be useful to calculate them based on the other extreme estimate for the

preexponential factor, which is on the order of 10°, based on estimates of diffusion-

limited time constants for folding processes ranging from nucleating a helix to forming a

6-10 residue loop (Arrington and Robertson, 1997). By measuring the dependence of
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folding and unfolding on viscosity (Jacob et al., 1997), it may be possible to estimate the
contribution of diffusion of the polypeptide chain to the entropy of folding and unfolding.

Determination of the activation volume of the transition state through pressure
dependence measurements would be useful (Pappenberger et al., 2000). This would help
to test the model of a highly compact transition state with a possible deep solvent
exposed crevice between the two domains leading to a high AC,* without loss of enthalpy
upon unfolding to the transition state. If that model is correct, the volume difference
between the native and transition state should be very small.

Given the suggestion that polar interactions with solvent may stabilize the
transition state enthalpically, exploring the pH and ionic strength dependence of the
unfolding barrier would be extremely interesting. Although experimentally challenging,
due to the sensitive nature and laborious process for measuring refolding in the absence
of pro region, it would be very interesting to determine the temperature dependence of
the refolding barrier, even over a limited temperature range. This would provide insight
how the enthalpy and entropy change from what we have determined here at 10 °C. In
addition, determining the thermodynamics of the refolding barrier under any interesting
pH or salt conditions found in the unfolding experiments would help elucidate the
electrostatic nature of the barrier.

It is likely to be experimentally much easier to explore refolding conditions with
the R102H, G134S mutant, which refolds 400 times faster than the wildtype (Derman and
Agard, 2000). Preliminary experiments monitoring the unfolding rate of this mutant
suggest that most of the ability to refold faster is due to an effect of stabilizing the

transition state (Kelch and Derman, unpublished data). Obviously it would be useful to
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follow the mutant's unfolding behavior over a similar range of temperature and
denaturant and compare the thermodynamics of the unfolding barrier with those
described here, in order to determine how much they are changed.

Although the eventual deconvolution of the solvent and protein effects will give a
much more detailed picture of what is going on with the protein than is usually possible,
it will not lead to an understanding of the structural details of the transition state. The
method of phi value analysis, developed in the Fersht laboratory, has been fairly
successful in identifying residues which are natively structured in the transition state, by
comparing the effect of the single mutations on the rates of folding or unfolding
compared to the effect on the equilibrium unfolding (Matouschek and Fersht, 1991). For
oL P this would entail probably using the faster folding mutant, and measuring refolding
and unfolding profiles of mutants. Based on the structure of the pro region native state
complex and the resulting folding model, possible important regions contributing to the
folding barrier, such as the beta hairpin, could be mutated (i.e. alanine scanning) and used
in phi value analysis.

The highest resolution understanding of the structural transitions in unfolding to
the transition state will result from performing Native State Hydrogen Exchange
experiments in low concentrations of denaturant on both aLLP. This method allows the
detection of very rare partially unfolded intermediates that are sampled at equilibrium
(Chamberlain et al., 1996), (Bai, 1995). Regions of the protein which unfold transiently,
even with a frequency as low as 1 in 10° (Chamberlain et al., 1996), are labeled by the
exchange of amide protons for deuterium, which can be detected by the change in the 2D

NMR spectrum of the native protein.
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In the case of oLP, these experiments will reveal only intermediates sampled
between the native and the transition state, since any molecules unfolding past the
transition state will not be able to refold to the native state to allow detection (because the
unfolded conformations are more stable than the native state (Sohl et al., 1998)). It will
be interesting to compare the intermediates and their relative destabilization in the faster

folding mutant compared to wildtype oLP.
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Chapter S. Complex Unfolding Kinetics Reveal Aggregation Behavior of the oLP
Intermediate.

Introduction

At 4 °C, unfolding of oLP is clearly two state, with virtually identical rates for the
loss of tertiary structure, monitored by fluorescence, and loss of secondary structure,
monitored by circular dichroism (Figure 5.1). This indicates that the loss of structure
during aLP unfolding is highly cooperative and takes place in single unfolding transition.
This supports the use of fluorescence, which requires minimal protein (0.1 — 2 pM) and
allows four different unfolding reactions to be monitored simultaneously, through the use
of a 4-cell automated turret available for the fluorimeter, for the measurement of

unfolding kinetics.

2 J
x 3 22f
42 215
m 3
44 = E
1 Bl
*z - 20sE
) 3
PR B
105F
. 12 k
1000 1800 2000 2800 3000 19
35 4 45 5 55 6 65 7 75
[{GdnHCIl

Figure 5.1 SA195 aLP unfolding monitored by CD and fluorescence at 4°C. a)Unfolding
in 7.25 M GdnHCl displays a cooperative loss of fluorescence (blue) and ellipticity (red)
with a rate of 400 sec”’ b) CD and Fluorescence rates have the same GdnHCl
dependence.

Experiments monitoring unfolding at higher temperatures in the absence of
denaturant revealed that the correspondence between fluorescence and circular dichroism

kinetics breaks down under these conditions. Although the unfolding processes
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monitored at such high temperatures are not likely to have physiological relevance,
measurement of rates up to 70 °C were necessary to carry out the determination of
thermodynamic components of the unfolding barrier and the analysis of the denaturant
binding behavior. Therefore it was important to confirm that the rates measured by
fluorescence under these conditions were still correctly reporting on the unfolding barrier
between N and I. Preliminary experiments detailed in this chapter demonstrate that this
is the case, and lead to a possible model for the interpretation of the complex unfolding
kinetics at high temperatures in the absence of denaturant in terms of properties of the

intermediate state and the unfolding landscape of oLP.

Methods

Fluorescence. Using an excitation wavelength of 283 nm and monitoring emission at
322 nm, the decay in fluorescence of samples at either 1.75 pM or 5 pM was measured
on an Aminco 8100SLM Spectopolarimeter. For each unfolding reaction, 290 pl 10 mM
KOACc pH 5.0 solution (with appropriate GdnHCI concentration) lacking protein was
equilibrated in the fluorescence cuvette at the appropriate temperature for at least 10
minutes before unfolding was initiated by addition of 10 pl protein stock followed by
mixing.

Circular dichroism. For each unfolding reaction, 393 pl 10 mM KOAc pH 5.0 solution
(with appropriate GdnHCI concentration) lacking protein was equilibrated in a 2 mm
cuvette at the appropriate temperature for at least 10 minutes before unfolding was
initiated by addition of 7 ul protein stock to 5 uM final concentration, followed by

mixing. The change in elliptical absorbance in time scans at a single wavelength

96



-
3

4
.
" .
: N
\
'
T -

S
- .
- - 3
L
1.'_“
- ~
H
- . .
s -

- ) .
PERE T
~ao. v ;.'-\

f
o -
fr 3¢ < Téa-

BB AT e

e
A
o™ %

% gvaTT e
Fues & 7% 7 '-"‘55

WRCAR® T ;-‘3"



(between 205 - 225 nm) or in wavelength scans from 200 — 260 nm were measured a
Jasco J715 spectropolarimeter with a Peltier temperature controller.

ANS binding. ANS was made up at 10 mM in EtOH, then diluted to 1.5 mM in 10 mM
KOACc pH 5.0, and used at 50 pM in the unfolding reactions. ANS binding was followed
by monitoring fluorescence emission at 475 nm after excitation at 380 nm.

Unfolding monitoring inactivation of wildtype protease. Wildtype oLP was added to 10
mM KOAc pH 5.0 preequilibrated in a waterbath at 70 °C, at a final concentration of
4.85 uM. Aliquots were removed over time and assayed for activity on a paranitroanilide

substrate.

Data Analysis. Data were fit to a single exponential decay using Kaleidagraph.

Results

Experiments exploring the temperature and denaturant binding dependence of
unfolding described in Chapter 3 and 4, led to the discovery that at 60 and 70 °C it is
possible to directly observe unfolding in the absence of denaturant by fluorescence.
However, separate experiments monitoring unfolding at 80 °C by CD had yielded a
rough rate of unfolding slower than that observed by fluorescence at 70 °C. To
investigate this apparent discrepancy, I directly compared the rates of structure loss by
CD and fluorescence at 60 and 70 °C (Figure 5.2). I observed that the rate by CD was in

fact slower by 20-fold at 60 °C and 60-fold at 70 °C.
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Figure 5.2. Unfolding by CD and fluorescence at 60 and 70 °C.

This confirmed that there is a discrepancy between kinetics monitored by
fluorescence compared to CD under these conditions of high temperature and lack of
denaturant. One possible explanation is that at S uyM (used for CD), SA195 is more
prone to association than at 1.75 uM (used for fluorescence) and populates an
oligomerized state which would unfold more slowly than the monomer. To test whether
the difference was simply an effect of the concentration, I measured the loss of
fluorescence of a 5 pM sample at 70 °C. While that rate was slightly slower (0.000601
sec” + 6x107) than the average of two separate measurements of 1.75 uM fluorescence
decay at 70 °C (0.00085 + 0.0001) it does not account for the 60-fold difference in rate
observed by CD.

An alternate possibility is that at higher temperatures in the absence of denaturant,
unfolding becomes less cooperative, and fluorescence is monitoring a lower energy local
unfolding event involving the buried tryptophan, while complete unfolding occurs at the
slower rate followed by CD. If this is the case, there should still be secondary structure
present in a sample apparently completely unfolded by fluorescence. To test this, I took

the 5 uM sample whose fluorescence decay was complete at 70 °C and monitored its CD -
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signal over time. That signal slowly decreases, as shown in Figure 5.3a, with slightly
different kinetics compared to a second 5 pM SA195 sample at 70 °C monitored solely

by CD from the initiation of unfolding through addition of the protein to buffer at 70 °C.
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Figure 5.3. 70°C unfolding of SA195. a) CD and b) initial CD compared to fluorescence.

Closer examination of the beginning of the CD time trace at 70 °C of that second
sample reveals an initial increase in signal of about 1 mdeg over the first 2000 seconds,
before the signal begins to decrease. Fitting just the initial 2000 seconds of the CD signal
at 70 °C gives a single exponential rate constant of 0.0012 + 0.0003 sec™', which is within
two-fold of the rate of fluorescence loss (Figure 5.3b). This result suggested that the
same unfolding event involving a loss of fluorescence is detected by CD, but as an
unexpected increase in ellipticity. The slow loss in ellipticity is due to a second
transition, not involving a change in tertiary structure.

But what unfolding transition leads to a loss of tertiary structure by fluorescence
while increasing ellipticity at 222 nm by CD? A clue to the identity of the mysterious
state resulting from that transition came from looking back at the normalized comparison
of native, intermediate and unfolded CD signals (Baker et al., 1992b). At 222 — 225 nm,

the intermediate state of oLP actually has more ellipticity than the native state. In fact,
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not only does the intermediate display more signal at 4 °C, but its ellipticity at 222 nm
increases with temperature (Figure 5.4), so that at 70 °C, it's reasonable to propose that

the initial increase of ~1 mdeg is due to unfolding from the native to the intermediate

. state.

-10 T T T T

ellipticity @ 219nm

20

80 100

40 60
Temperature

Figure 5.4. Change in intermediate ellipticity with temperature.

These results offered a possible explanation for the complex unfolding kinetics
under these conditions. What fluorescence and the initial increase in CD signal were
monitoring was the unfolding of the native state to intermediate (1), while the subsequent

decrease in CD signal was monitoring some rearrangement or aggregation process of the

intermediate state (2).
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This possibility was supported by successive wavelength spectra of a native

SA195 sample at 80 °C in the CD (Figure 5.6).
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Figure 5.6 Change in CD spectrum of native SA195 during unfolding at 80 °C.

After two hours, the spectrum in red is still very similar to the native spectrum in
black above 225 nm, but below that the ellipticity has increased a huge amount. Later
spectra at 16, 28, and 41 hours show the slow decrease in the entire signal. Since the
difference between the native and intermediate CD spectra got much bigger below 222

nm, where I had previously monitored the initial increase of only ~1 mdeg in ellipticity, I
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monitored another S pM sample at 70 °C by CD but at 215 nm. Indeed, the increase was
much larger, at 4.5 mdeg, and fit to a rate of 0.00197 + 3x10° (Figure 5.7).

As an additional probe of native structure, I followed inactivation of the wildtype
enzyme through autoproteolysis, which matches the rate of global unfolding of the
inactive enzyme within two-fold (see Chapter 6). Loss of activity at 70 °C occurred with
arate of 0.00154 + 3x10° sec”* (Figure 5.7), very close to the initial CD increase at 215
nm. This provides further evidence that the first fast rate being observed by fluorescence

and CD corresponds to the loss of native structure.

0.4

T T T T T T -5.5

_. 0.35} e 4.6

= wt activity loss ku= .00154 + 3e+{0¢ ®

= 03F - =

= -6.5

B 0.25 g
.25 -7 O

< @ 215nm ku=.00197 + 3e-0p ' Z
0.2

et -7.5 o

Z o1s - P

e o
0.1} 3

; 8.5 3
0.05

L

0 500 1000 1500 2000 2500 3000 3500
time, sec

Figure 5.7. Unfolding of aLLP at 70 °C by initial CD ellipticity increase and loss of
wildtype activity.

Although the increase in CD could be interpreted as due to the appearance of the
intermediate, I wanted to use an additional method known to confirm the appearance of
the intermediate. As described in chapter 2, the oLP intermediate binds ANS, which is a
hallmark of molten globule intermediates, since it only binds states exposing hydrophobic

surfaces, not native or unfolded states. The results of one experiment in which I
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a\‘el‘nately monitored the loss of intrinsic tryptophan fluorescence and the increase in
ANS fluorescence during unfolding of a single 1.75 pM protein sample at 70 °C in the
fluorimeter are shown in Figure 5.8.

ANS fluorescence does increase, indicating appearance of the intermediate state,
however the rate is about six-fold faster than the rate of loss of native fluorescence. It is
hard to imagine a possibility whereby the intermediate forms, giving rise to ANS binding,
but somehow has a conformation that retains tertiary structure displaying a native signal.
Given the minimal data recorded following the ANS fluorescence, it is not clear that

there is a real difference. However, it could reflect in part the fact that the oLP native

state does actually display some ANS fluorescence (Figure 2.1).
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Figure 5.8. Unfolding of oLP at 70 °C followed simultaneously by trp and ANS
fluorescence.

The results of all the experiments described above measuring unfolding at 70°C in
the absence of denaturant are summarized in Table 5.1. There are four rough groupings

of rates determined by the various techniques. The fastest rate was measured for ANS

103



bi“ding, at 0.004 sec”'. Monitoring the increase in CD ellipticity at either 222 or 215 nm,
and the inactivation of the wildtype protease gave rates two to three-fold slower than
ANS binding, at 0.0012 to 0.002 sec”’. Tryptophan fluorescence reported rates slower by
one and a half to three-fold slower, at 0.00085 sec™ for 1.75 pM and 0.0006 sec™ for 5

uM protein. Slowest by up to two orders of magnitude were the rates of ellipticity

decrease.

Table 5.1 Rates of conformational change at 70°C.
Techni [protein]. uM ku sec™)

ANS fluorescence 1.75 0.0044 + 0.0004
CD increase, 215 nm 5 0.00192 + 0.00003
wildtype inactivation 5 0.00154 + 0.00003
CD increase, 222 nm 5 0.0012 £ 0.0003
Trp fluorescence 5 0.0006012 + 6x10”
Trp fluorescence 1.75 (ave of 2) 0.00085 = 0.00001
CD decrease, 222 nm 5 1.56x10° + 1x107
CD decrease, 222 nm 5 2.67x10” + 5x10”
post fluorescence

Discussion

The following model for unfolding at 70 °C in the absence of denaturant based on
the separation of the techniques into those reporting on the N to I transition, and the

slower CD signal decrease.
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In these rates being taken as reporters of the N to I transition there is some spread:
at most 7-fold between ANS binding and 5 uM tryptophan fluorescence. However, the
ANS binding needs to be repeated with more careful monitoring, and with concentration
matched controls of the intermediate and native ANS binding levels before that rate can
be strictly believed. Without that rate, there is at most a 3-fold spread in the values,
corresponding to free difference of only 0.8 kcal/mol.

One possibility for variation between experiments leading to such a spread is the
temperature. The stability of the water baths used to maintain 70 °C during the
fluorescence and inactivation experiments is supposed to be + 0.2 °C. However, there is
tubing between the bath supplying the fluorimeter with the heated liquid, and that is
supplied to the jackets around the cuvettes. In monitoring the actual temperature of the
cuvettes compared to the temperature displayed by the bath, there can be up to 0.5 °C
variation. The Peltier temperature control unit on the CD is stable to + 0.1 °C, but again
there is a significant length of tubing connecting it to the sample chamber. In addition,
for technical reasons when the protein is being added to the preequilibrated buffer in the

cuvettes, the entire cuvette and the sample chambers are exposed to room temperature for
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B-30 seconds. At this high temperature even a 0.5 °C difference can have large effects
on the rate.)

The most important issue to resolve is whether the unfolding barrier under these
conditions of high temperature and no denaturant is losing its cooperative nature. Our
initial concern, that the slow decrease in CD indicated the true rate of global unfolding of
N, can be ruled out. Regardless of the spread, the combination of faster rates measured
by tryptophan fluorescence, ANS binding, and initial CD increase provide convincing
evidence that native tertiary structure and activity are being lost with a rate roughly
corresponding to the rate of appearance of the intermediate. Therefore using tryptophan
fluorescence to monitor unfolding over a range of temperature and denaturant conditions
is warranted.

The complex kinetics that are observed by CD are independent of the unfolding
barrier, and result from properties of the intermediate that become revealed under these
conditions. It is likely that in the absence of denaturant, which completely unfolds the
intermediate at concentrations as low as ~0.75 M, the intermediate is stabilized over the

unfolded state, and can be observed.
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Figure 5.10 Effect of denaturant on relative stability of I, I"', and U. a) In the presence of
denaturant, U is more stable than I so unfolding occurs from N to U. b) In the absence of
denaturant, I is more stable than U, and I' is the most stable, so unfolding occurs from N
to I which associates to form I".

From attempts to thermally melt the intermediate, we knew that it displays
unusual behavior at high temperatures including a tendency to aggregate and increased
ellipticity. Therefore because of the high temperature, as soon as the native state unfolds
to the intermediate, it undergoes a rapid association to some oligomerized or even
aggregated state, which results in the increased ellipticity. Increased P sheet content as
detected by CD is known to accompany aggregation of proteins (Fink, 1998).

It would be interesting to monitor unfolding by CD at 60 °C in the presence of
denaturant, to see where the correspondence between fluorescence and CD breaks down.
The prediction would be that above the denaturant concentration needed to unfold the
intermediate, a single exponential decay in ellipticity matching fluorescence as the native

state unfolds directly to the unfolded state would be observed. Below that concentration,
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either I or I" should be detectable, depending on the effect of the low concentration of
denaturant on the association to form I".

It is unclear which process is then giving rise to the slow loss of ellipticity. It
could be due to the slow unfolding of this associated intermediate to the unfolded state.
However a more likely possibility is that it is simply due to the loss of soluble protein
through precipitation from this associated state. Some protein precipitate was observed
in the 70 and 80 °C cuvettes. The spectrum of the sample at 80 °C after 41 hours does
appear to have some shape rather than the characteristic random coil pattern, which might
indicate that it results from a very low amount of protein still soluble. This could be
tested by spinning down a post 70 or 80 °C CD sample that has lost ellipticity, and
comparing the A, of the supernatant to the beginning A,,,. In addition, oligomers could
be detected by doing mass spec on the post 70 or 80 °C CD samples. Aggregation could
be directly followed by monitoring the OD,,, of the protein at 70 °C.

With the probable demonstration that these high temperature samples are
undergoing aggregation, it would be of interest to determine whether this was random
aggregation or ordered association. Given the known propensity for B-sheet proteins to
associate and the demonstration that several non-disease proteins can form amyloid
fibrils (Dobson, 1999), it is very likely that these conditions have begun to reveal that
corner of aLP's folding landscape. Post 70 °C protein samples could be looked at for
possible fibrils using EM. Congo Red and Thioflavin T binding (probes of fibril
formation) could be monitored at 70° C to observe kinetics of fibril formation.

Amyloid formation by aLP would be particularly interesting as another example

of the importance of kinetic stability its landscape. While the kinetic barrier separating N
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and X has been well determined, the possibility for fibril formation would point to the
existence of another very high and very important barrier, between I and I". Determining
the energetic and structural features of the barrier to fibril formation would provide
inssight into the provocative question of how nature has managed to evolve two separate

high barriers preserving the biological activity and structural integrity of the enzyme.
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Chapter 6. Evolution of the perfect protease.
Introduction

Proteases play ubiquitous and critical roles in biological systems, ranging from
digestion of proteins to provide nutrients to regulating signal transduction and cell cycle
control (Neurath and Walsh, 1976), (Neurath, 1984). While their catalytic mechanisms
have been well studied, little is know about how highly active, constitutive proteases
have themselves evolved to avoid proteolytic destruction. Experiments described here on
the extracellular bacterial protease a-lytic illustrate how optimal resistance to proteolysis
is achieved through extreme restriction of global unfolding transitions and suppression of
local dynamics.

Intuitively, minimizing susceptibility to proteolysis should involve reducing the
number of flexible and disordered loops on the target protein as well as optimizing the
choice of surface exposed residues. Mechanistically, this derives from the fact that
proteases typically require between four and eight residues of the substrate peptide chain
to fit in a precise manner into the deep cleft that forms the active site (Perona and Craik,
1995). Thus only flexible regions of a protein target would be able to adopt
conformations required for proteolysis. However, it must be recognized that even very
resistant native states are conformationally dynamic and constantly sample open
conformations, in processes ranging from small breathing motions to global unfolding.
Assuming a protease resistant native state, proteolytic degradation of a protein can be

described as follows (Rupley, 1967):
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opening cleavage
Native @ Open/Protease Accessible => Cleaved
closing

Figure 6.1 Conformational opening reaction leading to proteolytic cleavage.

In order to avoid proteolytic attack and prolong its lifetime, a protease should
restrict those unfolding and dynamic opening events leading to protease accessibility.
Obviously some proteases are proteolytically cleaved as part of their physiological
maturation and regulation, so their native states might purposefully contain a
proteolytically sensitive loop. Many proteases are meant to be turned over at some
physiologically necessary rate through proteolytic degradation, and therefore the rates of
their sampling of open conformations have been evolved to allow that.

For proteases in certain environments, however, like those which are extracellular
or in contained compartments of the cell dedicated to degradation, there is no need for
regulated turnover, and they may provide the best examples of how proteolysis can be
resisted. A common feature of a broad class of such proteases, encompassing virtually all
extracellular bacterial proteases across different evolutionary families, as well as
lysozomal and vacuolar eukaryotic proteases, is their synthesis with a pro region. Pro
regions are segments of polypetide chain, ranging from 40 to ~550 residues either N- or
C- terminal to the mature protease (Baker et al., 1993). Where they have been

investigated, such pro regions appear to play a central role in facilitating the folding of
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their attached proteolytic domains before being proteolytically processed and
subsequently degraded.

One of the best studied examples of pro region dependent folding is the
extracellular a-lytic protease (0LP) of Lysobacter enzymogenes. The protein folding
energetics of aLP are vastly different from those of most proteins. The native folded oLP
is less thermodynamically stable than both the unfolded protein and a molten globule
intermediate in its folding pathway (Sohl et al., 1998). In addition, while a typical small
protein folds in ps to seconds (Jackson, 1998), folding of the aLP occurs only with a half
time of ~3700 years. In the presence of the pro region, however, folding occurs in
seconds, because binding of the pro region both catalyzes folding and stabilizes the native
state. Once the protease is folded, the pro region is degraded, leaving the protease
trapped in the metastable native conformation. Therefore in contrast to most proteins, it
is not thermodynamic stability, but kinetic stability, determined by an enormous barrier to
unfolding (t,, ~ 9 months at 25 °C), that preserves oLP in its enzymatically active native
state. We investigated the possibility that the high cooperativity of kinetically-
determined protein stability may offer a functional advantage over conventional
thermodynamic stability mechanisms by severely restricting protein dynamics, leading to

enhanced resistance to proteolysis.

Methods
Protein expression and purification
oLP and SA195 oLP were expressed in E. Coli and purified as described (Mace

and Agard, 1995) and (Sohl et al., 1998) respectively. Rat trypsinogen was expressed in
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Pichia as described (Halfon and Craik, 1996). Secreted protein autoactivated to trypsin,
which was purified as follows. All buffers contained 10 mM calcium chloride. The
supernatant was slowly brought to 4.5 M NaCl, loaded onto a phenyl sepharose fast flow
column, washed with 50 mM MES pH 6.0, 4.5 M NaCl then eluted with 50 mM MES pH
6.0. After dialyzing to remove NaCl, the eluted protein was loaded onto a p amino
benzamidine agarose column, washed with S0 mM Tris pH 7.5 and eluted with 100 mM
acetic acid into fractions containing 1/20 volume 0.5 M sodium citrate pH 4.5. Fractions
with active protein were pooled and dialyzed into 1 mM HCI and assayed for activity as
described (Halfon and Craik, 1996).
Survival Assays

6.5 uM oLP, trypsin, and chymotrypsin (TLCK-treated, Worthington)were
incubated together at 25 °C in 10 mM CaCl, and 50 mM KOAc pH 5.0, 50 mM MOPS
pH 7, 50 mM HEPES pH 7 or 50 mM Tris pH 8. Aliquots were removed over time and
the survival of the individual proteases was measured based on their activities, which
could be distinguished given their non-overlapping specificities for different substrates
(succinyl-Ala-Pro-Ala-pNA, succinyl-Ala-Ala-Pro-Arg-pNA, succinyl-Ala-Ala-Pro-Leu-
PNA, used for alLP, trypsin and chymotrypsin, respectively, all at 1 mM in 10 mM CaCl,,
100 mM Tris, pH 8). Cleavage of the proteases during survival assays was monitored by
quantitating the disappearance of the full length species as monitored by band intensity in
a Coomassie stained SDS PAGE gel, using ImageQuant for Macintosh v1.2.

The inactivation in three separate experiments at each pH, and cleavage in single
experiments at pH 5 and pH 7 were fit for each protease with a single exponential

equation y = m1 - m2*(1-exp(-m3*m0)). To normalize for slight concentration
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variations in separate survival assays, the raw data were treated by subtraction the offset
(ml - m2) and dividing by the amplitude of the decrease (m2). The normalized data
from three separate survival assays for each protease at each pH was then combined and
fit with the single exponential equation to determine the inactivation rate and standard
error given in Table 6.1.
Autolysis Assay

3.25 pM olLP was incubated in 1 M GdnHCI] 10 mM KOAc pH 5.0 at 25 °C. aLP
activity was followed by monitoring hydrolysis of 1 mM succinyl-Ala-Pro-Ala-pNA in
100 mM Tris pH 8.0 by aliquots over time.
Global Unfolding

Fluorescence measurements of the inactive mutant SA195 oLP at 1.75 pM in
0.98 M GdnHCl were made with excitation at 283 nm, emission 322 nm in an 8100SLM-
Aminco fluorimeter, with slit widths set to 4, 0.25, 0.25, 16, 16, connected to an external
waterbath set to 25 °C. The sealed fluorescence cuvette was maintained at 25 °C

between measurements in a 25 °C incubator.

Results and Discussion

In order to test the hypothesis that kinetic stability offers a functional advantage
over thermodynamic stability, we have directly compared the lifetimes of oLP and its
thermodynamically stabilized homologues, chymotrypsin and trypsin, under highly
proteolytic conditions. In survival assays mixing equimolar amounts of the three
proteases at pH 5, 7, and 8, aLP's biological activity remains virtually unchanged, while

its mammalian counterparts are readily destroyed at rates 2 100-fold faster than aLP
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(Fig.6.2, Table 6.1). This is not due to a greater number of or more accessible proteolytic
sites on chymotrypsin and trypsin. In fact, normalized to the length of the protein, aLP
has the same percent of sites as chymotrypsin with greater than 20% surface accessibility
and ~30% more than trypsin. Nor is oLP's longer lifetime due to an ability to remain
active when cleaved. As shown in Figure 6.2a for pH 7, the rates of cleavage monitored
by gel for all three proteases are within error of their inactivation rates. Therefore, oLP
clearly has a superior ability to withstand proteolysis and autoproteolysis for months

longer than its thermodynamically stabilized counterparts.
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Figure 6.2 Survival Assay at pH 7, 25 °C.
oLP (red) is more resistant to proteolysis
than chymotrypsin (black) and trypsin
(blue) as monitored by loss of proteolytic

activity.
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Figure 6.3 Rate of cleavage vs. rate of inactivation. Quantitation of the loss of intact
protein monitored by a) SDS PAGE, b) compares closely with the fit curves for the loss

of activity.
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Table 6.1. Survival assay rates. Rates in days™ by followed by inactivation (loss of
activity on substrate) or cleavage (loss of band on gel).

protease | inactivation | cleavage
pH 5 oaLP 220+ 70 100 + 25
trypsin 1.93+0.09 |3.5+0.6
chymo 17+3 14+9
pH 7 aLP 180 £ 40 110 £ 90
trypsin 1.21+£0.07 |1.3+0.3
chymo 0.70£0.04 |1.1+£0.2
pH 8 oLP 300+ 200 |nd.
trypsin 1.6 £ 0.1
chymo 045 +£0.01

Obviously, in order to achieve this extreme longevity, aLP must be highly
successful at preventing the sampling of proteolytically vulnerable locally and globally
unfolded states (see equation above). In fact, in the most optimal case, local unfolding in
aLP would be suppressed, so that it is exposed to proteolysis only once it has completely
unfolded, which has already been shown to occur on a dramatically slow time-scale (t,, ~
9 months @ 25 °C) (Sohl et al., 1998). To test this possibility, we compared oLP 's rate
of inactivation through autoproteolysis to its rate of global unfolding in the absence of
proteolysis (measured using the inactive SA195 oLP) at low denaturant concentration,
where local unfolding is promoted (Figure 6.4).

The rate of olLP autoproteolysis is 0.02 day, compared to the global unfolding
rate of 0.04 day™. This two-fold difference could very likely be due to a greater stability

of the SA195 enzyme due to the substitution of the serine for alanine, but in any case
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corresponds to a free energy difference of only 0.3 kcal/mol. Therefore, aLP appears to

have optimized its protease resistance to the greatest extent possible, by restricting

smaller unfolding events so that they do not significantly lead to proteolytic accessibility.

0 20 40 60 80 100 120
Y(days)

Figure 6.4 Autolysis rate vs. global unfolding rate. Rate of autoproteolysis of the active
enzyme (squares) is within two-fold of the rate of global unfolding of the inactive
enzyme (triangles).

Using an even more sensitive measure of dynamics, Jonathan Davis and Julie
Sohl determined that this restriction of local unfolding is due to an extreme degree of
rigidity throughout the entire molecule, not only limiting structural fluctuations leading to
protease accessibility but also on the very smallest level of hydrogen exchange. They
followed hydrogen-deuterium exchange (HDX) monitored by two dimensional nuclear
resonance spectroscopy (2D NMR), and found that aLP displays extremely high
protection from hydrogen exchange. While most proteins typically display a "slow

exchange core" (Li and Woodward, 1999) of 3 — 8 residues with protection factors
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ranging from 10°- 107, more than half of aLP's amide protons have protection factors
greater than 10°. Remarkably, one third of those display protection factors greater than
10°. Nineteen are so protected that no exchange was measured at all even after six
months at pH 9, which means that their minimum protection factors are 10'*. Not only
is this degree of protection among the very highest ever measured in a protein, but the
most slowly exchanging residues are not localized to one discrete "core", but are spread
throughout both domains of the protein.

This extreme protection, far beyond that seen for typical proteins, suggests that
oLP's ability to suppress local unfolding is likely coupled to its high cooperativity of
unfolding, since the entire molecule is clamped down so tightly that "local unfolding"
does not exist. Because of the cooperativity, a huge amount of energy is required to
loosen the native structure at all, and therefore only global unfolding can lead to any
accessibility to proteolysis.

As a final indication of the aLLP's exquisite optimization, not only has it evolved
such cooperativity that the barrier to global unfolding is effectively the barrier to
proteolysis, but that global unfolding barrier is at its maximum near the temperature

corresponding to the optimal growth range for its bacterial host (27 — 30 °C) (Figure 6.5).
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Figure 6.5. Variation in unfolding barrier with temperature.

This high degree of optimization necessary for aLP's extreme longevity has been
possible only because the transient existence of the pro region has allowed the
independent evolution of the folding and unfolding landscapes. Once folding has
occurred and the pro region is cleaved and degraded, the landscape is radically different,
which has allowed the folded state to evolve these unique properties to avoid self
destruction, despite the consequence of native state metastability. Other pro- containing
proteases are likely to have evolved varying degrees of kinetic stability to increase their
proteolytic resistance as well. In addition, this strategy of transforming a protein's
landscape through covalent modification may be a general one that has evolved to

optimize unique functionality in other systems.
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Chapter 7. Conclusions: Kinetic Stability in oLP

The experiments on the thermodynamics and kinetics of oLP folding described in
this thesis offer a new paradigm for generating extreme stability: kinetic stability
facilitated by co-evolution of a pro region to facilitate folding. The defining feature of
kinetic stability is the presence of a large barrier to unfolding, preventing the native state
from being in equilibrium with unfolded conformations. This has been accomplished
through the incorporation of an excess number of glycines, facilitating tight turns and

packing, and other mutations leading to a rigid and highly cooperative native state.

What is the role of the pro region in folding oLP?

In addition to the glycines causing lower entropy of the native state, they increase
the entropy of the intermediate and unfolded conformations of 0LP. As a consequence,
an excess entropy difference between the native and unfolded conformations leads to the
thermodynamic stabilization of the unfolded conformations over the native state. Thus,
the barrier to folding is even larger than the barrier to unfolding. Therefore, the pro
region performs two roles necessary for guiding folding: 1. to lower the barrier to folding
and 2. to stabilize the native state. Because the pro region is highly unstable, once
folding of the protease is complete, the pro region is rapidly degraded, leaving the
molecule trapped in the metastable native conformation. For the lifetime of the protease,
kinetic stability rather than thermodynamic stability maintains it in its biologically active

conformation.

121



What is the origin of kinetic stability?

The intermediate of aLP, which is at the global free energy minimum of the
landscape has the characteristics of a typical molten globule ensemble. It is a greatly
expanded monomer, exposes hydrophobic patches, and has secondary structure in the
absence of tertiary structure. It buries about half of the total surface area buried in the
native state. The excess stabilization of the intermediate over the native state is due
entirely to entropy, as the enthalpy difference favors the native state. The barrier to
folding is also entirely entropic, due to the loss of the high configurational entropy in the
intermediate.

The thermodynamic analysis of the unfolding kinetics in the absence of the pro
region provides clues as to the nature of the unusually high transition state. It is highly
native-like, burying more than 80% of the total surface buried in the native state. Our
current model of the transition state consists of the two domains primarily natively
folded, but separated enough to create a crevice exposing significant hydrophobic surface
(40% of total) to solvent.

Because the two domains independently contain the majority of the stabilizing
interactions found in the native state, the transition state has nearly equivalent favorable
enthalpy with the native state at low temperatures. In addition, the ordering of solvent
around the surface exposed in the crevice could lead to favorable enthalpy from solvent-
solvent interactions as well as favorable interactions between solvent and exposed polar
surface. The probable exposure of polar surface in the transition state is supported by

experiments exploring the temperature and denaturant dependence of the unfolding
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kinetics. These reveal that the transition state interacts with GdnHCI through both
hydrophobic and polar surfaces, in temperature dependent interactions.

The lack of enthalpy difference between the native and transition states means
that the unfolding barrier, as is the case for the folding barrier, is entirely entropic at low
temperatures. Because unfolding to the transition state in our model comes from the
opening up of the two domains relative to one another, while they retain their
intradomain interactions, the increase in favorable configurational entropy should be
minimal. Therefore the unfavorable entropy of ordering solvent around the surface

exposed in the crevice between domains dominates.

What is the role of pro regions and kinetic stability?

Glycine content appears to be a common feature distinguishing homologous
proteases to olLP that have pro regions from those that do not (Table 7.1). The S. griseus
proteases, along with several other pro region containing homologues, have 16 — 18%
glycines, while the mammalian digestive enzymes and other members of the trypsin
serine protease family without pro regions have 7 — 11% glycines. In addition, the B-
hairpin implicated structurally as part of the folding barrier is also conserved among the
homologues with pro regions.

These common properties may reflect their common function as proteases that
break down microorganisms in the extracellular environment, supplying nutrients for
their bacterial hosts. The utility of these proteases is compromised by their tendency to

degrade themselves as well as other proteins. As such, it is presumably desirable to the
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host to evolve proteases that can survive as long as possible under these harsh,

degradatory conditions.

Table 7.1 Glycine content of o LP relatives.

Glycines, Residues, Glycines,

Protease no. Do, %
a-lytic protease family

L. enzymogenes oLP 32 198 16.2
R. faecitabitus protease 1 29 174 16.7
S. albogriseolus protease 20 32 172 18.6
S. fradiae protease 1 31 186 16.7
S. griseus protease A 32 182 17.6
S. griseus protease B 32 182 17.3
S. griseus protease C 35 190 17.9
S. griseus protease D 32 188 17.0
S. griseus protease E 32 183 17.5
S. lividans protease 35 171 205
S. livdans protease 0 27 150 18.0
S. spp. alkaline protease I 34 186 18.3
T. fusca serine protease 35 186 18.8
trypsin family

trypsin 24 224 10.7
chymotrypsin B 23 245 94
elastase 27 270 10.0
acrosin 27 436 6.2
achelase 1 protease 25 213 11.7
O-tryptase 19 245 7.8
batroxobin 29 231 8.7
carboxypeptidase A complex III 25 240 104
coagulation factor VII 37 406 9.1
collagenase 22 230 9.6
complement factor b 61 739 83
enteropeptidase 77 1035 74
glandular kallikrein 1 19 238 8.0
granzyme a 22 234 94
mast cell protease 7 22 244 9.0
natural killer cell protease 1 19 228 83
plasminogen 59 790 7.5
prostasin precursor 28 311 9.0
serine protease hepsin 4 417 10.6
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A typical protein stabilized thermodynamically without a large barrier preventing
unfolding would constantly sample partially and fully-unfolded states, leading to rapid
destruction by exogenous proteases (Fig.7.1a). By contrast, kinetic stability provides a
mechanism to increase the cooperativity and raise the barrier to unfolding; thereby
suppressing breathing motions and global unfolding (Fig.7.1b). The result is a drastic

reduction in susceptibility to proteolytic degradation.

a) b)
Inenuoovumnc STABILITY . KINETIC STABILITY
i
[
[
’
AG AG| V
u _Uj
N
Us N U N
o o
Folding Folding

¢ constantly samples unfolded states e rarely samples unfolded states

Figure 7.1 Advantages of kinetic stability. a) A typical thermodynamically stable protein
without a large barrier rapidly samples fully and partially unfolded states, making it
susceptible to proteolysis. b) A kinetically stable protein only rarely samples these
unfolded states, making it much more resistant to proteolysis. In the case of alP, the
native state is less stable than the unfolded states, however kinetic stability does not
require a metastable native state.

As demonstrated in Chapter 6, this has indeed been a successful strategy for
extending oLP's lifetime when compared to its thermodynamically stabilized homologues
chymotrypsin and trypsin. In survival assays where these three proteases are mixed and

allowed to attack each other, oLP retains its biological activity for much longer than its

mammalian counterparts. The sensitivity of trypsin and chymotrypsin to proteolysis is
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likely to be a necessary aspect of their regulation in vivo. Additionally, the rate of olLP
autolysis is comparable to the rate of its global unfolding, indicating that transient
unfolding motions leading to proteolytic degradation have been suppressed. oLP has
been so successfully optimized that it is vulnerable to degradation only after it completely
unfolds, which occurs on an extremely slow time scale. In addition, the barrier to global
unfolding has been maximized near the optimal growth temperature of the bacterial host.

There is a price for kinetic stability, however. The evolution of a large barrier to
unfolding and a highly rigid native state through the incorporation of glycines and other
changes has, as a consequence, created an even larger barrier to folding, and
thermodynamically destabilized the native state of aLP. Nature's solution has been the
co-evolution of a transient pro region to promote folding by both reducing the folding
barrier and stabilizing the native state.

While it is expected that the general principle of longevity through kinetic
stability will be shared by the majority of extracellular bacterial proteases and numerous
eukaryotic proteases, the precise details of barrier height and degree of thermodynamic
destabilization of the native state are likely to vary. oLP, with its large pro region and
metastable native state may be an extreme example. Current studies in the lab
investigating the folding of homologues of aLP, pioneered by Erin Cunningham, will be

vital in testing the generality and defining the details of the continuum of kinetic stability.
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