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SUMMARY

To illuminate the evolutionary pressure acting
on the folding free energy landscapes of natu-
rally occurring proteins, we have systematically
characterized the folding free energy landscape
of Top7, a computationally designed protein
lacking an evolutionary history. Stopped-flow
kinetics, circular dichroism, and NMR experi-
ments reveal that there are at least three distinct
phases in the folding of Top7, that a nonnative
conformation is stable at equilibrium, and that
multiple fragments of Top7 are stable in isola-
tion. These results indicate that the folding of
Top?7 is significantly less cooperative than the
folding of similarly sized naturally occurring pro-
teins, suggesting that the cooperative folding
and smooth free energy landscapes observed
for small naturally occurring proteins are not
general properties of polypeptide chains that
fold to unique stable structures but are instead
a product of natural selection.

INTRODUCTION

A critical consideration in the accurate modeling and engi-
neering of biological systems is the contribution of evolu-
tionary pressures; are the physical properties of its com-
ponents sufficient to predict the behavior of a system, or
is it also necessary to understand the evolutionary pres-
sures operating on the system? A route to identifying
such pressures is to compare the properties of systems
lacking evolutionary history to those of naturally occurring
systems. Due to recent advances in de novo protein

design, this is now possible for protein folding (Kuhiman
and Baker, 2004).

Protein structures are stabilized primarily by the se-
questration of hydrophobic residues away from solvent
in the protein core (Dill, 1990). Because hydrophobic inter-
actions are quite nonspecific, alternative hydrophobic
core packing arrangements could exist that, while less
stable than the native packing arrangement, could be
more stable than the unfolded state. This would produce
a rugged folding free energy landscape in which the fold-
ing of a polypeptide chain could be slowed by trapping in
nonnative minima. In agreement with this picture, many
theoretical models predict that protein folding should
be a complex, slow process characterized by the trapping
of the polypeptide chain in nonnative minima (Chan, 2000;
Fukunishi, 1998; Go, 1984; Kaya and Chan, 2003; Sali
et al.,, 1994). However, a large body of work carried out
over the past 15 years suggests that rugged folding free
energy landscapes are quite rare in small, naturally occur-
ring proteins; these proteins generally have highly coop-
erative folding transitions in which nonnative states are
not significantly populated (Jackson, 1998; Jackson and
Fersht, 1991; Krantz et al., 2002; Krantz and Sosnick,
2000). Is this discrepancy caused by fundamental differ-
ences between these simple models and real polypeptide
chains, or is it due to evolutionary pressures that have
operated on naturally occurring proteins (Jewett et al.,
2003)? If the cooperative folding and smooth free energy
landscapes of small, naturally occurring proteins are
a general property of any polypeptide folding to a unique
stable structure, then a protein capable of folding to a sta-
ble native state but lacking an evolutionary history would
be expected to possess a smooth free energy landscape.

Previous attempts to explore evolutionary pressures on
protein folding landscapes have involved characterization
of novel sequences that adopt naturally occurring protein
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structures. For example, novel folded variants of protein L
and the Src SH3 domain have been identified using phage-
display technology (Gu et al., 1995; Riddle et al., 1997),
while computational protein design has allowed for the
complete redesign of sequences capable of folding to nat-
urally occurring structures (Dahiyat and Mayo, 1997; Dan-
tas et al., 2003; Dobson et al., 2006; Gillespie et al., 2003).
The proteins generated by these two methods show two-
state cooperative folding; however, these methods were
unable to generate proteins completely lacking an evolu-
tionary history—with a single exception (Gillespie et al.,
2003), every protein generated by these methods can be
readily identified as sequence homologs of naturally oc-
curring proteins (Dahiyat and Mayo, 1997; Dantas et al.,
2003; Gu et al., 1995; Riddle et al., 1997).

The complete separation of protein structure from evo-
lutionary history was recently achieved through the design
of a sequence that folds into a novel structure (Kuhiman
et al., 2003). Because the sequence and structure of the
Top7 protein differ from those of known proteins, it is
an ideal candidate to study the free energy landscape of
a protein lacking an evolutionary history. Like naturally oc-
curring proteins, Top7 folds to a unique stable native state,
but preliminary kinetic studies suggested the folding of
Top7 may not be highly cooperative (Scalley-Kim and
Baker, 2004).

In order to explore the differences between Top7 and
naturally occurring proteins, we have systematically char-
acterized the free energy landscape by searching for sta-
ble nonnative states of Top7 using NMR, stopped-flow
kinetics, and mutational and fragment studies. Our results
demonstrate that the folding free energy landscape of
Top7 is much more complex than those of small, naturally
occurring proteins. We discuss the implications of these
findings for our understanding of the evolutionary pres-
sures on protein folding and future endeavors in protein
engineering.

RESULTS

In protein folding kinetics studies, unfolded protein in
denaturant is diluted into buffer lacking denaturant,
and the formation of secondary and tertiary structure
during folding is followed by monitoring the change in
circular dichroism (CD) signal of the polypeptide chain
and/or intrinsic fluorescence of tryptophan residues.
The folding processes of most small naturally occurring
proteins can be fit with a single exponential (Ae™Y),
consistent with a single cooperative transition between
the unfolded and native states, and the logarithm of
the rate constant k is typically a linear function of the
denaturant concentration. Deviations from single-expo-
nential kinetics and/or significant nonlinearity in the de-
naturant dependence of folding kinetics suggest the
population of metastable nonnative states during folding
(Baldwin, 1996).

614 Cell 128, 613-624, February 9, 2007 ©2007 Elsevier Inc.

Folding of Top7 Involves at Least Three Distinct
Kinetic Phases

Folding and unfolding experiments monitoring tertiary
structure formation using the intrinsic fluorescence of the
tryptophan at position 83 demonstrate that for most guani-
dine concentrations a triple exponential (Aqsie <=t +
Anmiggie® Fmeaet + Ay e ) is needed to fit the folding
reaction of Top7, whereas the unfolding reaction can be
fit to a single exponential. Figure 1A shows a kinetic trace
of Top7 folding fit using a triple-exponential model (one
exponential for the fast increase in fluorescence and two
for the slower decrease in fluorescence). Figure 1B shows
the guanidine dependence of the three rate constants
(Kfasts Kmiddles Ksiow) from the triple-exponential fit. The
guanidine dependence of protein folding rates reflects
the amount of surface area burial during the corresponding
transition (Myers et al., 1995), and the strong guanidine
dependence of the fast phase, kit (M value = 1.1 kcal
mol~! M~1, see Experimental Procedures), indicates that
a significant fraction of the surface area is buried during
this transition. Below 4 M guanidine, the middle and slow
phases, Kmigdle @aNd Kgiow, are guanidine independent, sug-
gesting that these phases correspond to transitions in
which no additional surface area is buried, most likely
structural rearrangements between collapsed states. Be-
cause Top7 does not possess any prolines, neither of
these guanidine-independent phases is due to cis-trans
proline isomerizations, which cause multiphasic folding
in some naturally occurring proteins (Calloni et al., 2003;
Grantcharova and Baker, 1997).

Figure 1C shows the guanidine dependence of the am-
plitudes of the three phases (Afast, Amiddies Asiow)- At higher
guanidine concentrations the amplitudes of the fast and
slow phases approach zero, suggesting that the nonnative
structures associated with the two phases are disappear-
ing. The disappearance of these phases suggests that
at high guanidine concentrations Top7 displays the sin-
gle-exponential folding and unfolding kinetics, with rate
constants dependent on the guanidine concentration
(Figure 1B), that are characteristic of cooperatively folding
proteins.

Previous folding experiments have shown that apparent
complexities in the folding of small, naturally occurring pro-
teins can be ascribed to transient aggregation (Silow and
Oliveberg, 1997; Silow et al., 1999). However, the rate con-
stants and associated amplitudes of the three phases are
not dependent on protein concentration (Figure 1D), sug-
gesting the complex folding kinetics of Top7 are not due
to intermolecular interactions.

Secondary Structure Is Formed during

the Rapid-Burst Phase

Continuous-flow circular dichroism experiments were
carried out to monitor the formation of secondary structure
during folding. At low concentrations of guanidine, 80%
of the circular dichroism signal of the native protein is
recovered during the first 2 ms of folding (Figure 1E). The
kinetics and guanidine dependence of the rapid formation



>
w

Figure 1. Kinetic Experiments Reveal
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native CD signal is recovered at guanidine con-
centrations less than 2 M. Y axis: circular di-
chroism signal at 222 nm 2 ms after initiation
of refolding expressed as a percentage of

native CD signal at 222 nm. Each data point represents the average of 8 to 15 independent 40 ms continuous-flow experiments that were sampled
using 0.5 ms bins. The error bars represent the standard error of the average from these runs. (F) The triple exponential folding kinetics of Top7 suggests
that, at low guanidine concentrations, the folding of Top7 proceeds through two parallel pathways with two or more intermediates (see text).

of secondary structure parallel those of the fast phase ob-
served in the fluorescence experiments. Thus, at low gua-
nidine concentrations unfolded Top7 rapidly collapses to
nonnative conformations containing significant amounts
of secondary structure.

Four-State Model

At high guanidine concentrations, the folding kinetics of
Top7 are similar to those of small naturally occurring pro-
teins. The kinetics near the equilibrium unfolding transition
of Top7 (~6 M guanidine) can be fit quite well with a single
exponential, and the rate is linearly dependent on the de-
naturant concentration (Figures 1C and 1D and Scalley-
Kim and Baker, 2004). Under these conditions, folding
appears to be a cooperative transition between the open
unfolded state and the compact folded state, as observed
for most small naturally occurring proteins.

As the guanidine concentration is decreased, the free
energy landscape of Top7 becomes much more complex,
possessing multiple stable minima. At low guanidine con-
centrations (<4 M), the folding of Top7 is a triple-exponen-
tial reaction, indicating that at least four states are popu-
lated during the folding reaction (U, I1, 12, and F) (lkai

and Tanford, 1973). Given the large number of parameters
in a four-state system and the multiple possible connec-
tions between the states, we do not attempt to fit a specific
quantitative model to the data. Instead, we take a more
qualitative approach and propose the simplified model
outlined in Figure 1F and described in the following para-
graphs.

The middle phase is likely to represent a transition from
a collapsed species to the native state. This interpretation
is based on the continuity in the values of the rate con-
stants associated with the middle phase and the values
of the rate constants associated with the single-exponen-
tial folding transition at high guanidine concentrations,
which clearly represents a transition to the native struc-
ture. At lower guanidine concentrations, the middle phase
is guanidine independent, suggesting that it represents
a transition to the native state from a collapsed species
(I1). The switch from the guanidine dependence of the
folding rate at high guanidine concentration to the guani-
dine independence at lower concentrations is seldom ob-
served for small, naturally occurring proteins (Jackson,
1998)—in the rare cases where this is observed, the de-
creases in the guanidine dependence of the folding rates
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Table 1. Location and Contribution to Stability of Top7 Mutants Examined in the Kinetics Studies

Protein Location m Value 2 AG (3 M)? AAG (3 M)
Wild-type® NA —2.22 6.54 NA
K41E/K42E/K57EP 1st and 2nd helix —2.22 6.68 0.14
F17Q/Y19L° 2nd strand —2.26 6.81 0.27
G14A° 1st hairpin —2.29 5.98 —0.56
Y21L° 2nd strand —2.14 6.33 —0.21
L29A° 1st helix —1.83 3.77 —2.77
N34G° 1st helix —1.84 5.40 —1.14
V48A° 3rd strand —2.13 4.87 —1.67
F63A° 2nd helix —2.05 4.47 —2.07
AB4G/AB5G® 2nd helix —2.17 5.28 —1.26
L67A° 2nd helix —2.138 5.84 —0.70
V81A° 4th strand —2.01 5.01 —1.58
G85A° 2nd hairpin —2.12 5.35 —1.16
VO0A° 5th strand —2.09 5.45 —-1.10

#Values were determined from CD-monitored guanidine denaturation curves (see Experimental Procedures).

® F83W mutation.
¢ Mutations are in the context of K41E, K42E, K57E, and F83W.

occur only at very low denaturant concentrations, and the
rates do not become completely denaturant independent
(Ferguson et al., 1999; Jemth et al., 2004).

The stopped-flow fluorescence and circular dichroism
experiments suggest that the fast phase reflects the rapid
collapse of the chain into conformations having significant
secondary structure (11 and I12). Because the signal change
associated with the fast phase is in the opposite direction
of the fluorescence change associated with the final for-
mation of the native state (Figure 1A), the fast phase cannot
represent a direct transition from the unfolded to folded
state. Such a rapid burst phase is generally not observed
for proteins fewer than 100 amino acids (Grantcharova
and Baker, 1997; Jackson, 1998; Jacob et al., 2004; Krantz
et al., 2002; Krantz and Sosnick, 2000; Plaxco et al., 1999).
In the case of Top7, the rapid collapse may be due to the
extremely hydrophobic nature of the protein core (the
free energy decrease associated with hydrophobic associ-
ation may outweigh the entropic cost of chain collapse).

The very slow phase could represent a parallel kinetic
channel or an additional obligatory step in a sequential
process. The former is more plausible, because if the mid-
dle phase represents a transition to the native state, it
cannot be preceded by a much slower obligatory step,
as it would no longer be observable (Bai, 2003). Therefore,
the slow phase suggests that an alternative collapsed
state (12) is formed in parallel with 11 during the rapid col-
lapse phase; because of the slow rate of escape from 12,
it may be viewed as a kinetic trap (Figure 1F). The denatur-
ant independence of the slow phase suggests that transi-
tions out of this state do not involve significant changes
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in surface area. The marked similarity in the denaturant
dependencies of the middle phase and the slow phase,
notably the sharp kink at 4 M guanidine, suggests that
transitions from both states may involve a similar struc-
tural rearrangement.

Top7 Mutants Further Highlight the Folding
Complexity

To probe the structure and sequence features critical for
the three kinetic phases, and to attempt to simplify the
complexity of the kinetics, we examined the folding kinet-
ics of 11 point mutants of Top7 (Table 1 and Figure 2L).
The results further highlight the complexity of Top7 fold-
ing. Remarkably, no mutation simplified the kinetics (all
three phases are present for all the proteins examined),
presumably because the mutations do not significantly
destabilize the nonnative states—in fact, some mutations
appear to make the folding process even more complex
(see the Supplemental Data available with this article on-
line). The mutations do change the rates associated with
the different phases, but to further complicate the analy-
sis, these changes differ for nearly all of the mutants.

We can roughly classify the effects of the mutations as
follows. L67A (Figure 2H), A64G/A65G (Figure 2G), and
V81A (Figure 2l) slow down the fast phase; L29A (Fig-
ure 2C), V48A (Figure 2E), and F63A (Figure 2F) speed up
one or both of the two slower phases; L67A, G85A (Fig-
ure 2J), and to a lesser extent Y21L (Figure 2B), A64G/
A65G, V81A, and V90A (Figure 2K) slow down one or
both of the two slower phases; and G14A and N34G do
not affect any phase. To interpret these results, we assume
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Figure 2. Guanidine Dependence of the Folding Kinetics of Top7 Mutants

The logarithms of the rate constants for wild-type Top7 folding (open symbols) and (closed symbols) (A) G14A, (B) Y21L, (C) L29A, (D) N34G, (E) V48A,
(F) FB3A, (G) A64G/AB5G double mutant, (H) L67A, (1) V81A, (J) G85A, and (K) VO0A are plotted versus guanidine concentration. (L) Structure of Top7
showing the location of the residues that are critical in the formation of the intermediates (red residues), the native state (blue), both (purple), or neither
(gray). All mutants contained three additional surface mutations (K41E, K42E, and K57E) to reduce perceived protein degradation. These mutations
had no apparent effect on the equilibrium (Table 1) and kinetic properties (data not shown) of Top7. At low guanidine concentrations, four phases are
needed to fit A64G/A65G (see Supplemental Data).

that because all the mutations involve side-chain trunca- and Fersht, 1991) and that the interactions in transition
tions they destabilize intermediates and/or transition states are subsets of the interactions in the stable struc-
states (TSs) relative to the unfolded state (Matouschek tures they lead to. Therefore, in the model outlined above
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Figure 3. Schematic Diagram of Top7
Fragments

(A) Linear representation of the full-length Top7
and the five fragments studied showing ele-
ments of secondary structure —strand, yellow;
helix, green. Structures of Top7 highlighting
the regions contained in the five subfragments
studied (portions in blue). (B) CFr (residues
R47 to L92), (C) H1-H2 (E26 to Y76), (D) S2-H2
(K15 to Y76), (E) H1-S4 (E26 to D84), and (F)
S2-S4 (K15 to D84). For comparison purposes,
the residues analyzed in the mutational studies
are indicated in the corresponding fragments.

A B cFr
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E H1-s4 N34 F s2-s4 34
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V81/

(Figure 1F), mutations that destabilize one or both of the
nonnative structures should speed up one or both of the
slower phases, and if they also destabilize the transition
states leading into these states, they should slow down
the fast phase. In contrast, mutations that destabilize the
transition states out of the nonnative states toward the na-
tive state should slow down the middle and/or the slow
phase.

Given the complexity, detailed interpretation of the mu-
tational results must proceed with caution, but in light of
the considerations above, the residues in the middle por-
tion of Top7 (L29, V48, F63, A64, A65, L67, and V81) ap-
pear important for the formation and/or stability of one or
more of the nonnative states, and residues in the C-termi-
nal portion (A64, A65, L67, V81, G85, and V90) appear im-
portant for the transition to the native state. Y21L does not
affect the stability of the native state, but does slow the
middle phase, perhaps by stabilizing the nonnative states.

Fragments of Top7 Are Stable in Isolation

Toidentify structural elements of Top7 that may be respon-
sible for the formation of the folding intermediates, five
fragments of Top7 were purified and analyzed. The C-ter-
minal fragment (CFr) consists of residues 45-94 (Figure 3B)
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and contains residues suggested by the mutational studies
to be critical for the formation of the native state. The other
fragments contain residues that appeared to be critical for
the stability of 11 and/or 12. The smallest fragment, H1-H2
(residues 28-76), contains both helices and strand 3. The
remaining fragments contain the H1-H2 core in addition
to strand 2 and/or strand 4—S2-H2, H1-S4, and S2-S4
(Figures 3C-3F). CD analysis demonstrated that all five
fragments form stable structures (Figure 4A) and, with
the exception of H1-H2, possess significant amounts of
secondary structure (Figure 4B). In the context of the full-
length protein, the region corresponding to CFr forms
a compact substructure, while the B strands of the other
four fragments do not pair with each other (Figure 3), sug-
gesting that the strands of these fragments in isolation are
stabilized by nonnative contacts. In contrast, fragments
of small naturally occurring proteins are seldom stable in
isolation (Camarero et al., 2001; Flanagan et al., 1992;
Ladurner et al., 1997).

To gain further insight into the complex kinetics ob-
served in Top7 folding, we examined the folding kinetics
of CFr. Interestingly, the folding of CFr can be fit to a single
exponential (Figure 4C), suggesting that the complex ki-
netics observed for Top7 may reflect inhibition of proper
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Figure 4. Biophysical Characterization of Top7 Fragments
(A) Guanidine melts monitored at 220 nm by CD and (B) CD wavelength
scans of full-length Top7 and the five fragments. (C) The guanidine
dependence of the rate constant for the single-exponential fits of the
folding of CFr (closed symbols) and the three observed rate constants
for the folding of Top7 (open symbols).

folding of the C-terminal region by nonnative interactions
with the N-terminal region. This hypothesis is supported
by the observation that mutations in the C-terminal region
(AB4, AB5, L67, V81, G85, and V90) have the greatest ef-
fect on the formation of the native state, while residues
in both the N- and C-terminal regions are critical for stabi-
lizing the nonnative structures (Y21, L29, V48, F63, A64,
AB5, L67, V81), and fragments that contain these residues
appear to be forming nonnative structures in isolation. Un-
fortunately, kinetic and thermodynamic parameters for the
five fragments cannot be used to build a quantitative
model of Top7’s free energy landscape, because size-ex-
clusion chromatography (data not shown) and NMR (Dan-
tas et al,, 2006) suggest these fragments form homo-
dimers at equilibrium.

Equilibrium NMR Experiments Suggest

the Presence of a Nonnative Conformation

at Higher Guanidine Concentrations

The multiexponential folding kinetics suggests that at low
guanidine concentrations there are multiple distinct states
of Top7 that are stable relative to the unfolded state. NMR
experiments were used to directly probe for these states
and investigate possible structural changes that were
not observed by the denaturation melts monitored by
CD and fluorescence (Kuhlman et al., 2003; Scalley-Kim
and Baker, 2004; Srimathi et al., 2002; van Mierlo et al.,
2000). Triple resonance experiments on samples of singly
(*®N) and doubly (*°N, '3C) labeled protein were used to
assign the backbone resonances of a Top7 variant with
equilibrium folding properties indistinguishable from
Top7 (Figure S2).

While at low guanidine concentrations each observable
peak can be assigned to a specific residue in the native
state, at intermediate and higher guanidine concentra-
tions (4-6.5 M) additional, nonnative peaks appear, sug-
gesting that a nonnative state is populated (Figure 5). To
determine the effects of denaturant on the relative popula-
tion of the native and nonnative structures, we identified
and monitored a subset of native and nonnative (NN)
peaks that could be followed across a broad range of gua-
nidine concentrations (see Supplemental Data for a list of
peaks used in this analysis). From this analysis, it is clear
that the loss of secondary structure (as monitored by
CD) is not coincident with the loss of specific tertiary struc-
ture (as monitored by NMR) (Figure 6A). This contrasts
with most small, naturally occurring proteins for which
the loss of tertiary structure is coincidental with the loss
of secondary structure (Kuhlman et al., 1998).

The nonnative HSQC peaks can be divided into two
groups based on their guanidine dependencies (Figure 6B).
The first group consists of peaks whose growth in intensity
coincides with the decrease in native peak intensity (NN-5,
-6, and -9) and presumably corresponds to the alternate,
nonnative structure. The second group consists of peaks
(NN-18, -22, -23) whose appearance and growth parallel
the loss of CD signal and hence likely correspond to the un-
folded state. Analysis of these nonnative peaks demon-
strates that a nonnative structure is populated around
4.5 M guanidine, well below the guanidine concentrations
where secondary structure is lost and the native NMR res-
onances completely disappear. While possessing native-
like CD and fluorescent signals, the alternate structure
formed around 4.5 M guanidine does not appear to be
tightly packed, since most of the nonnative peaks are in
the poorly dispersed region of the proton spectrum. These
characteristics suggest that this nonnative state is similar
to polypeptide chains that form partially folded and molten
globule structures (Chamberlain and Marqusee, 1998).

DISCUSSION

The major result of this work is that the folding free energy
landscape of Top7, a protein not generated by the natural
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evolutionary process, differs significantly from those of
similarly sized naturally occurring proteins. First, stopped-
flow kinetic experiments reveal that the folding of Top7 is
multiphasic, with at least two nonnative structured states
populated during the folding process. Second, NMR equi-
librium studies demonstrate that a nonnative structure is
populated at guanidine concentrations well below the
equilibrium unfolding transition monitored by fluorescence
and circular dichroism. Third, multiple fragments of Top7
appear stable in isolation. These results stand in sharp
contrast to studies performed on small naturally occurring
proteins, where folding reactions can generally be fit to
a single exponential, only one stable state is observed in
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equilibrium experiments, and fragments are not stable in
isolation (Jackson, 1998). Exceptions among small, natu-
rally occurring proteins only show small deviations from
this classical behavior compared to the differences we ob-
served for Top7. For example, a recent equilibrium NMR
study suggested that the folding of the small protein BBL
may not be as cooperative as other small proteins (Sadqi
et al., 2006), yet BBL exhibits single-exponential folding
kinetics in contrast to the at least triple-exponential folding
kinetics of Top7 (Ferguson et al., 2004, 2005). Taken to-
gether, these results demonstrate that the free energy
landscape of Top7 has an unusually high degree of com-
plexity—a characteristic consistent with the hypothesis
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Figure 6. Equilibrium Denaturation of Top7 Monitored by 2D
NMR

SN HSQC spectra were collected on Top7 over a range of guanidine
concentrations. The structural changes occurring in Top7 as the gua-
nidine concentration was increased were monitored by following the
height and volume of both native backbone N-H peaks identified in
the absence of denaturant and nonnative backbone N-H peaks arising
in the presence of denaturant. To account for the loss of signal quality
at higher guanidine concentrations due to reduced probe performance
in high salt concentrations, peak heights were normalized against the
sum of all examined peak heights at each guanidine concentration. (A)
HSQC denaturation profiles for specific native peaks compared to the
denaturation profile for global unfolding obtained in the circular dichro-
ism experiments. (B) Denaturation profiles for nonnative peaks that do
not overlap heavily with other native or nonnative peaks. As discussed
in the text, these profiles fall into two distinct groups. Similar profiles
are obtained using peak volumes rather than peak heights (data not
shown).

that the relatively smooth free energy landscapes of small,
naturally occurring proteins are not a property common to
all polypeptides that fold to a well-behaved, stable struc-
ture, but rather a product of natural selection. Further stud-
ies involving more computationally designed proteins will
be needed to confirm this hypothesis.

Recent experimental studies have suggested an evolu-
tionary disadvantage to proteins that possess stable, non-
native states. Partially stable, nonnative structures play
roles in nucleating amyloid formation (Dobson, 2003; Hor-
wich, 2002) and there appears to be evolutionary pressure
at the sequence level against amyloid formation (Dobson,
1999; Stefani and Dobson, 2003; Wright et al., 2005). Both
the accumulation of collapsed nonnative species during

folding and the stability of subfragments might exacerbate
the propensity to form amyloid fibrils: the former could ag-
gregate via exposed hydrophobic regions, and the latter
could accumulate as byproducts of mistranslation or
partial proteolysis and aggregate as well. Thus, selection
against aggregation could lead to the cooperative folding
landscapes seen for naturally occurring proteins.

Protein chaperones, which protect misfolded proteins
from aggregation, appear to have evolved, in part, as
global suppressors of the deleterious consequences that
arise from the accumulation of misfolded or partially folded
proteins (Rutherford and Lindquist, 1998; Yahara, 1999).
With such a global defense against protein misfolding, it
would appear unnecessary for evolution to select for spe-
cific polypeptides possessing smooth free energy land-
scapes. However, in contrast to the folding of large, multi-
domain proteins, which show multiphasic folding and often
require chaperones to avoid aggregation during the folding
process, almost all small naturally occurring proteins fold
in a chaperone-independent, cooperative manner (Jack-
son, 1998; Krantz et al., 2002; Maxwell et al., 2005). While
one explanation for the preponderance of these smooth
free energy landscapes is that such landscapes are a
fundamental property of small proteins, the rugged free
energy landscape of Top7 demonstrates that this is not
the case. A more parsimonious argument is that the gener-
ally smooth free energy landscapes of small, naturally oc-
curring proteins are the product of natural selection acting
on the level of individual protein sequences, perhaps be-
cause the deleterious effects of stable partially functional
conformations cannot be completely overcome by the
chaperone machinery.

We have identified three general characteristics of Top7
that differ from naturally occurring proteins. These findings
illuminate mechanisms by which small, naturally occurring
proteins may achieve smooth free energy landscapes and
should aid in future engineering of native-like proteins for
in vivo activity

First, Top7 is significantly more stable than most natu-
rally occurring proteins of similar size (Kuhiman et al.,
2003). Because of the approximate additivity of the inter-
actions stabilizing proteins, an exceptionally stable protein
such as Top7 is likely to have relatively stable substruc-
tures that could contribute to relatively stable nonnative
collapsed species. Yet, many small naturally occurring
proteins have been extensively computationally rede-
signed and stabilized, and these stabilized versions retain
cooperative folding (Dantas et al., 2003; Gillespie et al.,
2003; Scalley-Kim and Baker, 2004). Conversely, while
many of the mutants presented in this work destabilize
Top7, they do not appear to simplify the folding process
(Table 1, Figure 2, and Figure S1). Thus, extensive stabili-
zation of the native state does not in itself give rise to
complex folding.

The second mechanism by which proteins may achieve
smooth free energy landscapes is through the incorpora-
tion of specific interactions to destabilize nonnative con-
formations. Naturally occurring proteins contain specific,
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often destabilizing interactions to overcome the rather
promiscuous interactions that stabilize tertiary (hydropho-
bic interactions) and secondary structure (backbone hy-
drogen bonding between B strands and « helices). Unlike
Top7, many naturally occurring proteins contain buried
polar interactions in their hydrophobic core that are gener-
ally destabilizing but appear to be critical for specifying the
native state (Bolon and Mayo, 2001). In addition, edge
strands of naturally occurring proteins may be selected
to inhibit nonspecific intermolecular interactions across
B sheet interfaces (Richardson and Richardson, 2002)
and this may also be true for intramolecular interactions
involving B strands. In the case of Top7, while the canon-
ical nature of strands 1, 3, 4, and 5 (they are flat and have
a high percentage of isoleucine and valine) leads to an ex-
tremely stable native state, their sequence and structural
similarity may allow stable nonnative strand pairings.

The third mechanism by which naturally occurring pro-
teins may have evolved smooth free energy landscapes
is through the favoring of topologies with a significant frac-
tion of contacts between residues distant in the sequence.
In Top7, the majority of the stabilizing contacts are be-
tween residues nearby in the linear amino acid sequence.
Proteins with a significant fraction of nonlocal contacts are
expected to fold more cooperatively, as these contacts
are unlikely to be formed in partially folded structures (Ab-
kevich et al., 1995; Go and Taketomi, 1978; Govindarajan
and Goldstein, 1995). The most N- and C-terminal ele-
ments of secondary structure in small naturally occurring
proteins pack against each other more often than would
be expected by chance, and this has been found to be
correlated with cooperative folding (Krishna and Eng-
lander, 2005); the N- and C-terminal strands of Top7 do
not pair with each other. The preponderance of short-
range interactions may allow the N- and C-terminal
regions of Top7 to remain stable yet fluctuate relative to
each other and allow the exploration of a wide range of
nonnative structures with at least partially native substruc-
tures. In small naturally occurring proteins, such fluctua-
tions could disrupt function; native states possessing
locally unfavorable substructures that are stabilized by
long-range favorable interactions (Baker et al., 1992)
would be more rigid and hence more suitable for carrying
out specific functions. An evolutionary preference for rela-
tively rigid structures stabilized by nonlocal interactions
may explain why some topologies appear to be more
common than others (Murzin et al., 1995).

The complex folding free energy landscape of Top7 pro-
vides an ideal testing ground for simulations of protein
folding, and conversely, fully understanding this complex-
ity will require computational modeling. Because of the
high cooperativity in the folding of small naturally occur-
ring proteins, the opportunities for comparison between
computer simulations and experiment are limited (for ex-
ample, there are no folding intermediates to monitor). In
contrast, the much less cooperative folding of Top7 pro-
vides a rich context in which to compare simulations
with experimental data; for example, the multiple states
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observed in Top7 folding should be populated in folding
simulations.

Insights into the determinants of the ruggedness of pro-
tein folding free energy landscapes from studies of Top7
and other designed proteins has direct bearing on the
design of new proteins for in vivo applications. Since
misfolded states and stable subfragments can be quite
deleterious, proteins designed for therapeutic purposes
should have highly cooperative folding transitions analo-
gous to those of naturally occurring proteins. Based on
the above discussion, this goal is likely to be facilitated
by the design of proteins possessing nonlocal topologies,
specific polar interactions, and secondary structural ele-
ments deviating from ideal geometries.

EXPERIMENTAL PROCEDURES

Top7 Expression and Purification

All experiments use a previously described tryptophan mutant of Top7,
F83W (Scalley-Kim and Baker, 2004). All proteins were expressed us-
ing pET29b (Novagen), purified using nickel affinity and ion-exchange
chromatography (Dantas et al., 2006; Kuhlman et al., 2003; Scalley-
Kim and Baker, 2004), and stored in 50 mM sodium phosphate, pH
7.0. The fragments H1-H2, S2-H2, H1-S4, and S2-S4 were purified un-
der denaturing conditions (3 M guanidine) and stored in 1 M guanidine.

Kinetic Experiments

Stopped-flow kinetic data were acquired using a BioLogic SFM4/
QFM4, with a 0.8 mm cuvette, and the results were fit using the Bio-
Logic analysis software (version 3.30) and KaleidaGraph 3.6. Folding
experiments, buffered in standard conditions agreed upon by the pro-
tein-folding community, 50 mM sodium phosphate, pH 7.0 (Maxwell
et al., 2005), were performed at final protein concentrations of 0.1 uM
(Top7), 1 uM (Top7), and 10 uM (Top7, CFr, Top7 mutants). Stopped-
flow fluorescence of Top7 and CFr were carried out at 298K, with an
excitation of 280 nm and emission cutoff of 309 nm (Top7 folding) or
385 nm (Top7 unfolding and CFr folding and unfolding). The CD
stopped-flow experiments were performed at 283K. Other aspects of
the stopped-flow experiments were carried out as previously de-
scribed (Krantz et al., 2002; Krantz and Sosnick, 2000; Scalley et al.,
1997). A linear fit to the keet data in Figure 1C was used to estimate
the guanidine dependence of the fast phase (m value).

Equilibrium Experiments

Guanidine melts were performed at 298K in a 1 cm cuvette, at 2 uM
protein concentration and 50 mM sodium phosphate, pH 7.0, using
an Aviv CD spectrometer 16A DS and a Hamilton syringe titrating de-
vice (VWR). To estimate the free energy of folding, guanidine melts for
Top7 mutants were fit to a two-state model (Scalley-Kim and Baker,
2004). The denaturation curves for Top7 fragments were normalized
using a two-state model with sloping baselines (Scalley et al., 1997)

NMR

Backbone amide 'H, '°N, Ca, and Cp resonances were assigned using
a standard set of triple-resonance experiments (HNCA, HNCO,
HNCACB, N, and '®C NOESY) (Sattler et al., 1999). HSQC spectra
for samples of 1 mM "®N-labeled Top7 in the appropriate guanidine
concentration were recorded at 298K at 500 MHz using pulse se-
quences designed to minimize the guanidinium signal (Zhang et al.,
1994). Thirty-five native peaks and twenty-four nonnative peaks were
used to analyze the guanidine dependence of the native and nonnative
peak heights and volumes. The denaturation curves for individual
folded peaks were normalized using a two-state model, assuming a
flat unfolded baseline (Scalley et al., 1997).
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