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To determine the extent to which protein folding rates and free energy
landscapes have been shaped by natural selection, we have examined the
folding kinetics of five proteins generated using computational design
methods and, hence, never exposed to natural selection. Four of these pro-
teins are complete computer-generated redesigns of naturally occurring
structures and the fifth protein, called Top7, has a computer-generated
fold not yet observed in nature. We find that three of the four redesigned
proteins fold much faster than their naturally occurring counterparts.
While natural selection thus does not appear to operate on protein folding
rates, the majority of the designed proteins unfold considerably faster
than their naturally occurring counterparts, suggesting possible selection
for a high free energy barrier to unfolding. In contrast to almost all natu-
rally occurring proteins of less than 100 residues but consistent with
simple computational models, the folding energy landscape for Top7
appears to be quite complex, suggesting the smooth energy landscapes
and highly cooperative folding transitions observed for small naturally

occurring proteins may also reflect the workings of natural selection.
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Introduction

Over the past 15 years the protein folding field
has been revolutionized by the acquisition of
experimental data on the folding of a large number
of small, single domain proteins with much sim-
pler folding mechanisms than the larger proteins
studied earlier.'™* In parallel, there has been a
flourishing of theoretical work seeking to explain
the broad trends and generalities found in the
experimental studies.””® However, the application
of theory to the experimental data is complicated
by the fact that proteins are the results of the
natural evolutionary process, and it is difficult to
disentangle the properties of naturally occurring
proteins that are general consequences of the
physical chemistry of polypeptide chains that fold

Abbreviations used: AGyny, free energy of unfolding;
RMSD, root-mean-squared deviation.
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from those that reflect the workings of natural
selection. It is not clear whether a theory which
seeks to account for the experimental data on
naturally occurring proteins can focus exclusively
on the physical chemistry of polypeptide chains
and their dynamics, or whether it is necessary to
also model the effects of natural selection. The
question of the extent to which evolutionary his-
tory shapes biophysical and biological phenomena
is, in fact, quite general to the theoretical and
computational modeling of biological systems.

A property of particular interest is the rate of
protein folding. It is clear that proteins are under
selective pressure for both stability and function,
but to what extent does nature select for proteins
that are able to fold quickly into their native states?
What benefits may be conferred to the cell by fast
protein folding kinetics? It is clearly necessary that
proteins are able to fold in a biologically relevant
time-scale, and slow folding proteins may have an
increased susceptibility towards proteolysis and
non-specific aggregation.

0022-2836/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
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The only way to disentangle the features of the
folding of small naturally occurring proteins
that reflect the fundamental properties of folded
polypeptide chains from those that reflect the
workings of natural selection is to study the fold-
ing of proteins that have not been generated by
the natural evolutionary process. For more com-
plex biological processes the study of analogous
processes not influenced by natural selection is
generally not possible, providing no clear route
for extricating evolutionary history from more
fundamental constraints. However, in the case
of protein folding there are two alternative
approaches. The first is to generate novel proteins
by random sequence generation followed by selec-
tion for the very small subset of sequences that
fold to stable states (one cannot simply study
the properties of randomly generated sequences
without selection, as only an infinitesimally small
fraction of these will adopt stable discrete
structures).” Our laboratory used such an approach
several years ago and generated variants of two
small proteins, protein L and the src SH3 domain,
by randomizing portions of the proteins’ sequences
and selecting for variants which still folded to the
native structures using a phage display selection
strategy (in the case of the SH3 domain, only a
five letter amino acid alphabet was used, I, K, E,
A, and G)."" For both proteins, the novel variants
were found to fold as fast or faster than the
naturally occurring proteins, suggesting that the
sequences of small proteins are not optimized for
fast folding. While powerful, the random sequence
generation and selection strategy is limited.
Because of the finite size of the random libraries
that can be constructed (less than 10° distinct
variants) there is an upper limit to the number of
residues that can be changed simultaneously and
the selection process, itself, may have biases that
are difficult to isolate.

A second approach is to use computational pro-
tein design methods to identify sequences that are
compatible with a given three-dimensional struc-
ture. The first complete redesign of the sequence
of a naturally occurring protein was by Mayo and
co-workers of a small zinc finger protein.'> More
recently, as part of a large-scale test of design
methods, our laboratory has completely redesigned
the sequences of nine small, naturally occurring
protein structures.” In these computational protein
redesign approaches, the starting sequence is
completely random and either a deterministic
algorithm, such as dead end elimination, or a
stochastic method, such as a Monte Carlo search,
is used to identify low energy sequences for a
given structure. In either case, the optimization
process is focused entirely on the stability of the
native state and is completely ignorant of the fold-
ing process. Since the only selection operating is
for the stability of the native state, the possible
biases due to the evolutionary history present for
naturally occurring proteins or due to the selection
strategy for proteins identified in large combina-

torial libraries are completely absent. There has
been one study of the folding of computationally
redesigned homeodomain sequences, and it was
found that the folding rates of the redesigned pro-
teins were quite similar to that of the naturally
occurring homeodomain.'

Here, we first extend the previous kinetic study
of the redesigned, all a-helical homeodomain pro-
teins by investigating the folding rates and folding
energy landscapes of three a-helical/B-sheet con-
taining proteins and one all B-sheet containing
protein produced by complete sequence redesign
using the structures of naturally occurring proteins
as design templates. Second, we go beyond the limi-
tation of using a naturally occurring protein struc-
ture as a design template and describe the folding
kinetics of a protein with both a computer-gener-
ated sequence and a computer-generated topology,
neither of which have been found in nature. The
results of these studies suggest that folding rates
are not subject to evolutionary optimization, one
of the computer redesigned proteins folds a
striking 10,000-fold faster and another tenfold
faster than their naturally occurring counterparts,
but that other properties of the folding energy
landscape may indeed be under selective pressure.
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Figure 1. Models of the redesigned proteins. The PDB
codes for the parent sequences are: protein L (1hz5, 1-
62), acylphosphatase (2acy, 1-98), pro-carboxypeptidase
(laye, 10-79), src SH3 (1fmk, 83-142), and Top7 (1qys).
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Results

The protein folding kinetics of five proteins that
have never been exposed to natural selection were
examined (Figure 1). Three of the proteins, pro-
carboxypeptidase, protein L, and acylphosphatase,
come from a previous study in which the sequences
of nine globular proteins were redesigned using
RosettaDesign, a computer program developed for
protein design."® Starting with randomly chosen
conformations (rotamers) for randomly chosen
amino acids at each position, RosettaDesign uses
a Monte Carlo optimization method in which a
single move consists of changing an amino acid
rotamer at a randomly chosen position to a ran-
domly chosen rotamer of the same or different
amino acid. Moves are accepted according to the
standard Metropolis criterion using an energy
function dominated by a Lennard—Jones potential,
an orientation dependent hydrogen bonding
potential, and an implicit solvation model. The
procedure converges on very low energy
sequences after approximately 10° attempted
moves (about 5-10 cpu minutes). Starting from
the experimentally determined structures of the
naturally occurring proteins, RosettaDesign identi-
fied low energy sequences for pro-carboxypepti-
dase, protein L, and acylphosphatase that were,
on average, 35% identical to the wild-type
sequences (Table 1). The proteins were expressed,

purified, and found to display circular dichroism
(CD) spectra, thermal and chemical denaturation
behavior, and NMR spectra consistent with well-
folded proteins, making them excellent candidates
for this study.”

The large scale design efforts of Dantas et al. did
not yield a folded redesigned protein containing
solely B-sheet secondary structure.”” In order to
add diversity to the protein folds examined here,
a second, and this time successful attempt was
made to redesign the src SH3 fold (see Materials
and Methods). The redesigned sequence (Table 1)
shares 52% overall identity and 86% core identity
with the wild-type sequence. The redesigned SH3
domain was well expressed and found to be a
monomer in gel filtration experiments (results not
shown). While circular dichroism spectra of the
SH3 domains are difficult to interpret, a change in
intrinsic fluorescence of the redesigned SH3
domain is observed with increasing denaturant
concentration (Figure 2), allowing for stability
measurements. While the new design is quite
destabilized compared to the wild-type SH3
domain (the free energy of unfolding (AGuyng) is
4.1 kcal mol™" and 1.3 kcal mol ™" for wild-type src
SH3 and the redesigned SH3, respectively), the 1D
NMR spectrum of the redesigned SH3 domain is
compatible with a well-folded, rigid structure
with chemical shifts that are consistent with
B-sheet structure (Figure 2). The redesigned SH3

Table 1. Alignments of the wild-type and redesigned sequences
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Figure 2. Characterization of the
redesigned SH3 domain. A, CD
spectra of the redesigned SH3
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domain in 50 mM sodium phos-
phate (pH 7) at 25 °C (open squares)
and 80°C (filled circles) and in
75M guanidine, 50 mM sodium
phosphate (pH 7) at 25 °C (filled tri-
angles). The spectrum taken under
native conditions has a minimum
at 208 nm, atypical for an all B
structure, and no change is
observed upon the addition of
denaturant. Similar behavior has
been observed for other SH3
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domains and it has been suggested
that local interactions between
two tryptophan residues may be
responsible for the aberration. B,
Guanidine-induced denaturation of
the redesigned SH3 domain was
followed by fluorescence emission
at 341 nm. The continuous line
represents the best fit of the data to
a two-state model with a linear
dependence of the free energy of
folding on the denaturant concen-
tration. Since the 1D NMR spectra
of the redesigned SH3 domain
suggested that the protein was
fully folded in the absence of
denaturant, the folded baseline
value for the guanidine denatura-
tion melt was fixed at the fluor-
escence value observed in 0M
denaturant. The broken line is a
representation of the guanidine-
induced denaturation of the wild-
type SH3 domain according to the
values published by Grantcharova

domain is the fourth of the five proteins examined
in this study.

The fifth protein studied here, called Top7, was
the result of de novo flexible backbone compu-
tational design calculations aimed at generating a
novel fold that has yet to be observed in nature."
The computational procedure combined the

& Baker® C, 1D NMR spectra of

ppm the redesigned SH3 domain.

sequence optimization method described above
with the Rosetta structure prediction method-
ology to iteratively optimize both the amino acid
sequence and backbone coordinates of the
designed protein. Such an iterative approach was
necessary as it is unlikely that for any fixed, arbi-
trarily chosen structure there exists a very low
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energy sequence. The Top?7 protein was found to be
well folded and unusually stable; the guanidine
unfolding transition begins at ~6 M guanidine.
X-ray crystallography studies of Top7 indicated
that the sequence adopts a structure remarkably
close to the design model: the root-mean-squared
deviation (RMSD) between the Top7 design model
and the crystal structure is only 1.17 A."> As both
the sequence and the structure of Top7 are the
result of computer optimization for stability and
have not been influenced by the natural selection
process in any way, Top7 is particularly relevant
for our study.

To facilitate kinetic measurements using
stopped-flow fluorescence, mutations were made
to Top7 and the redesigned protein L and acyl-
phosphatase sequences. The mutation of a partially
buried phenylalanine in Top7 and a partially bur-
ied tyrosine in the protein L redesign to tryptophan
residues (Top7 F81W and pL2 Y34W) resulted in a
change in intrinsic fluorescence for both proteins
upon unfolding. The mutations did not result
in significant changes in stability; AGunr is
13.2 kcal mol™" and 13.6 kcal mol™" for Top7 and
the Top7 F8IW variant, respectively, and
4.6 kcal mol ! and 5.1 kcal mol ™" for the protein L
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Figure 3. Equilibrium denaturation of the redesigned proteins. (A) The guanidine induced denaturation of the pro-
tein L redesign was followed by CD at 220 nm (open diamonds) and of the Y34W mutation by CD at 220 nm (filled tri-
angles) and fluorescence emission at 350 nm (filled circles). The broken line is a representation of the guanidine-
induced denaturation of wild-type protein L according to the values published by Scalley et al.*® (see Table 2 for
values). (B) The guanidine induced denaturation of Top7 was followed by CD at 220 nm (open diamonds) and of the
F81W mutation by CD at 220 nm (filled triangles) and fluorescence emission at 370 nm (filled circles). (C) The urea
induced denaturation of the acylphosphatase redesign containing the W64L mutation was followed by CD at 220 nm
(filled triangles) and fluorescence emission at 320 nm (filled circles). The broken line is a representation of the urea-
induced denaturation of wild-type acylphosphatase according to the values published by Chiti et al.>* (see Table 2 for
values). (D) The guanidine induced denaturation of wild-type pro-carboxypeptidase was followed by CD at 220 nm
(open squares) and of the pro-carboxypeptidase redesign by CD at 220 nm (filled triangles) and fluorescence emission
at 345 nm (filled circles). To allow for comparison, all buffers were chosen to match those used in the previous charac-
terization of the wild-type proteins; the protein L, pro-carboxypeptidase, and Top7 redesigns were studied in 50 mM
sodium phosphate (pH 7) and the acylphosphatase redesign was studied in 50 mM sodium acetate (pH 5.5). All data
were fit using a two-state model and the resulting free energy of unfolding values are given in Table 2.
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Figure 4. Denaturant dependence of folding kinetics of the redesigned proteins. The observed folding and unfolding
rates for the protein L, acylphosphatase, SH3 and pro-carboxypeptidase redesigns (filled circles) at various denaturant
concentrations were fit to a two-state model (continuous lines; see equation (1)). The chevron plots for wild-type pro-
teins were recreated using previously published mf,mu,k}{zo, and k|, 20 values (broken lines; see Table 2 for values),
except for the wild-type pro-carboxypeptidase (open squares) whose folding and unfolding rates were experimentally
determined as described in Materials and Methods. To allow for comparison, all buffers were chosen to match those
used in the previous characterization of the wild-type sequences; the protein L, pro-carboxypeptidase, SH3 and Top7
redesigns were studied in 50 mM sodium phosphate (pH 7) and the acylphosphatase redesign was studied in 50 mM
sodium acetate (pH 5.5). The folding rates of Top7 were fit well to a single exponential between 4 M and 6.5 M guani-
dine (filled circles). Below 4 M guanidine, the folding kinetics became bi-exponential (slow phase, open triangles; fast
phase, open squares). To monitor the dependence of the folding rates of Top7 on protein concentration, the folding
rates were also monitored at higher protein concentrations (final concentration ~45 uM, filled squares and filled
triangles for the fast and slow phases, respectively).
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redesign of the protein Y34W redesign variant,
respectively. Additionally, one of the two trypto-
phan residues in the acylphosphatase redesign
was changed to a leucine residue (W64L) in order
to reduce the high amount of background fluor-
escence observed for the protein. Again, this
mutation had little effect on stability; AGynr is
5.6 kcal mol™" and 5.4 kcal mol™" for the acylphos-
phatase redesign and the W64L variant, respec-
tively. These variants were used for the remainder
of the experiments described here and are referred
to by the names of the parent sequences.

To determine whether secondary and tertiary
structure losses during unfolding were synchro-
nous, we monitored the equilibrium denaturation
of the sequences using both fluorescence and CD
(Figure 3). Typically, superimposability of equi-
librium denaturation curves from CD and fluor-
escence experiments is a good indicator that a
protein follows a two-state folding mechanism.
Unfortunately, this analysis could not be per-
formed for the redesigned SH3 sequence: like
other SH3 domains, there was little change in the
CD signal upon unfolding. The melts of the other
four designed proteins are, for the most part,
superimposable, with the greatest deviation
present for the redesigned protein L sequence
(as the m-values associated with the two transitions
are very similar, the difference in midpoint is likely
the result of subtle variations in experimental con-
ditions). As shown here and previously, 1D NMR
spectra for three of the redesigned sequences,
SH3, protein L, and pro-carboxypeptidase, display
good dispersion and sharp peaks, indicating that
the redesigned proteins have well-packed, native-
like cores, while the peaks of the redesigned acyl-
phosphatase 1D NMR spectra are somewhat
broader.”” The ID NMR spectra of Top7 also dis-
played good dispersion and sharp peaks and the
high-resolution crystal structure confirms the
close, complementary packing of side-chains in
the core of the protein."

Folding and unfolding rates for the designed
proteins were measured at different guanidine
concentrations using stopped-flow fluorescence
(see Materials and Methods; Figure 4). The folding
rates at the mid-point of the folding transition and
the extrapolated values for folding and unfolding
rates in the absence of denaturant are listed in
Table 2. For most of the designs, the denaturant
dependence of both the folding and unfolding
rates could not be fully determined as the folding
and unfolding rates exceeded the limits of the
stopped-flow instrument at either very low or
very high denaturant concentrations, necessitating
long extrapolations of the folding and unfolding
rates in the absence of denaturant. However, agree-
ment between the free energy estimates obtained
from the extrapolated kinetic data (AGyin) and
from the independent equilibrium data (AG.q) sup-
ports the validity of the extrapolations (Table 2).

For both the protein L and acylphosphatase
redesigns, the folding rates in the absence of

AGeq (kcal mol™)*

mg/(mg + 1my) AGyin (kcal mol™)
0.7

my (kcal mol™* M™1)
0.3
0.3
1.1
0.8
0.8
0.5
0.7
0.5

m¢ (kcal mol™' M ™)
0.6
1
0.8

1.6

ktransltlon (541)
26.4
89x10°*
13.8
349
15.6
52.3
0.3

k}l:IZO (S‘l)
0.3
6.5%x107°
19x10°°
0.5
9.6
0.1
0.2
0.02

k?IZO (541)
2.2 x10*
0.2
5.1 x10*
408
6.8
56.7
555
60.6

ing Y34W mutation.

ported AGeq values are from CD experiments, except for SH3 wild-type and redesigned sequences, where reported values are from a fluorescence experiment.
¢ Containin
Scalley et al.*®

Containing W64L mutation.
4 Grantcharova & Baker.*

2 All re
¢ Chiti et al.>?

b
f

Table 2. Equilibrium and kinetic parameters for wild-type and redesigned proteins

Pro-carboxypeptidase, wild-type

Src SH3, redesigned

Pro-carboxypeptidase, redesigned
Src SH3, wild-type?

Acylphosphatase, redesigned®
Acylphosphatase, wild-type*
Protein L, redesigned®

Protein L, wild-typef

Protein
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denaturant (kF?°) are much faster than those of the
wild-type proteins; k2 of redesigned protein L
and acylphosphatase are enhanced approximately
tenfold and 10°-fold, respectively. As both of these
redesigned proteins have stabilities similar to the
wild-type proteins, they necessarily unfold faster;
the unfolding rates in the absence of denaturant
(k1129) of redesigned protein L and acylphospha-
tase are enhanced approximately tenfold and
4 x 10*-fold, respectively. Consistent with its
increase in stability, the pro-carboxypeptidase
redesign folds much faster and unfolds more
slowly than the wild-type protein; kaZO =
5.1 x10*s™", ~1000-fold faster than wild-type, and
K20 =19x10"°s"!, ~20,000-fold slower than
wild-type. Conversely, compatible with its
decrease in stability, the SH3 redesign folds slower
and unfolds faster than wild-type; ki?© = 6.8s7",
~10-fold slower than wild-type, and kI2° =
9.6 s7', ~100-fold faster than wild-type. A decrease
in the ratio my/(ms+ my,), an indicator of the
amount of hydrophobic burial in the transition
state compared to the native state, for the acyl-
phosphatase, pro-carboxypeptidase, and protein
L redesigns suggests that the transition state
ensemble may be shifted towards the unfolded
state for the redesigned sequences.

Since the redesigned proteins in this study have
different stabilities than their wild-type counter-
parts, it is useful to compare folding rates at the
transition mid-point where the free energies are
equivalent (Table 2; this also eliminates the need
for long extrapolations). The observed rates at the
transition mid-point are significantly faster for the
acylphosphatase, protein L, and SH3 redesigns
compared to the wild-type proteins, suggesting a
preferential stabilization of the redesigned pro-
teins’ folding transition states. Only the pro-
carboxypeptidase redesign folds at a similar rate
at the transition mid-point as the wild-type
protein.

Top7’s folding behavior is markedly different
from that of the other designed proteins (Figure 4).
Due to the high concentration of denaturant
necessary to unfold Top7, unfolding rates were
not measured. At higher denaturant concen-
trations, the folding rates are fit well by a single
exponential and decrease linearly as the denatur-
ant concentration increases. However, at lower
denaturant concentrations the folding kinetic
traces become double exponential. Both of the rate
constants are independent of denaturant concen-
tration with the faster rate leveling off at ~6s™"
and the slower rate at ~0.8s™'. To determine
whether the double exponential behavior was
caused by protein aggregation under near-native
conditions, we investigated the protein concen-
tration dependence of the folding rates at lower
guanidine concentrations. Increasing the protein
concentration by ~4-fold had no effect on either
of the kinetic phases (Figure 4, filled squares and
triangles), suggesting that the unusual behavior
was not due to protein aggregation.

There are at least three possible explanations for
the dramatic decrease in the denaturant depen-
dence at low guanidine concentrations. First,
under the more stabilizing conditions, partially
folded intermediates or kinetic traps with hydro-
phobic surface area burial comparable to that of
the transition state ensemble may become popu-
lated, resulting in a loss of denaturant dependence,
since little change in hydrophobic burial would be
experienced going from the partially folded inter-
mediates to the transition state. The population of
such intermediates would contrast with the high
degree of cooperativity that is usually observed in
the folding of small, naturally occurring proteins.
Two other possibilities are that the position of the
folding transition state moves significantly toward
the unfolded state at low denaturant concen-
trations or that there is a significant increase in
internal friction at low denaturant concentrations."

Discussion

We find that naturally occurring proteins are not
highly optimized for fast folding. Three of the four
redesigned proteins, protein L, acylphosphatase,
and pro-carboxypeptidase, are found to fold faster
than the wild-type proteins in the absence of dena-
turant. More importantly, accounting for stability
differences, three out of the four redesigned pro-
teins, protein L, acylphosphatase, and src SH3, are
found to fold faster at their transition mid-point
than the wild-type proteins. These results are
consistent with those of the studies discussed in
Introduction. '

Why do the designed proteins fold faster than
their naturally occurring counterparts? The finding
that the SH3, acylphoshatase, and protein L rede-
signs fold faster than the wild-type proteins at the
transition mid-point, suggests that the transition
state ensemble is preferentially stabilized in the
redesigned proteins. The design method favors an
increase in hydrophobic core volume through
peripheral core build-up, potentially leading to
alternate ways to stabilize partially folded confor-
mations and, hence, broadening the transition
state ensemble. Serrano and co-workers observed
a similar increase in both folding and unfolding
rates upon mutation of polar surface residues
to non-polar residues in the a-spectrin src SH3
domain.” Furthermore, hydrophobic core muta-
tions in the a-spectrin src SH3 domain, resulting
in overpacked cores, were found to both fold and
unfold faster than the wild-type protein,
suggesting a similar preferential stabilization of
the transition state.'®

The slower folding and unfolding rates of native
proteins may be an indirect consequence of selec-
tion against aggregation and for population of a
single functional state rather than a more molten
ensemble of states. Selection for both properties
may have increased the amount of buried polar
interactions and reduced the number of peripheral
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hydrophobic residues, both of which could
increase folding/unfolding free energy barriers.
The design process in contrast in selecting for the
stability of the native structure typically disfavors
buried polar interactions and favors peripheral
hydrophobic residues. Hence evolutionary selec-
tion for functional non- aggregating proteins could
produce proteins with folding behaviors very
different from those produced by computational
optimization of native state stability.

The folding rates of naturally occurring proteins
are correlated with the average sequence separa-
tion between contacting residues in the three-
dimensional structure (the contact order).'” The
folding rates of all of the wild-type proteins exam-
ined here are close to the values expected from the
contact order-folding rate correlation. The folding
rate in the absence of denaturant for Top7, extrapo-
lated using the folding rates between 5M and
6.5 M guanidine (where the folding rate is linearly
dependent on guanidine concentration), is similar
to the value expected from the contact order-
folding rate correlation (results not shown). Inter-
estingly, the folding rates in the absence of
denaturant of two of the redesigned proteins, pro-
carboxypeptidase and acylphosphatase, are signifi-
cantly faster than expected given their contact
order. In the adaptation of Zwanzig’s simple
model of folding that was used to initially rational-
ize the observation of the contact order-folding rate
correlation,” the rate of folding is correlated with
the contact order for proteins with the same overall
stability, but increases with increasing stability for
proteins with the same contact order (this will be
the case in any model in which only native inter-
actions are favorable, increasing stability necess-
arily also lowers the free energy of the folding
transition state relative to the unfolded state). The
contact order—folding rate correlation is pre-
sumably observed for naturally occurring proteins
because evolutionary selection pressure has led to
a fairly narrow range of stabilities so that the con-
tact order, rather than the strength of the attractive
interactions favoring folding, is the dominant fac-
tor contributing to the observed rate variance. The
increase in folding rates for the redesigned proteins
is likely to reflect the increase in the extent of favor-
able native interactions beyond what is typical in
naturally occurring proteins: the folding rates of
both redesigned proteins at the denaturation mid-
points (where the free energy of folding is zero)
are close to those of naturally occurring proteins
with similar contact orders at their denaturation
midpoints (data not shown).*

The folding kinetics of Top7 were found to be
considerably more complex than those of naturally
occurring, small, single domain proteins. Two kin-
etic phases are observed during refolding which
are independent of guanidine concentration and
protein concentration over the tested range. This
complexity is likely to reflect the population of par-
tially structured intermediates or kinetic traps.
While denaturant independence of folding rates at

low denaturant concentrations has been observed
for other proteins, barnase,>* ribonuclease A,*
and hen lysozyme,™ it is a fairly rare observation
and is typically found over a much narrower
range of denaturant (0—-1M) concentrations than
is seen for Top7 (0—-4 M). These results suggest
that the striking cooperativity of the folding reac-
tions of small, naturally occurring proteins may
not be a necessary feature of protein folding, but
rather an evolutionary advantageous adaptation
for reducing aggregation of partially folded species
during folding.

There is an interesting parallel between our com-
parison of the folding kinetics of computer gener-
ated and naturally occurring proteins and recent
comparisons of the folding of pair additive versus
more highly cooperative, native state centric (Go)
computational models of folding.>* The pair addi-
tive models, like Top7, show significant rollover in
the folding rate and increasing kinetic complexity
under more stabilizing conditions, while the more
highly cooperative models have the simple expo-
nential kinetics and linear relationships between
stability and folding rates typically found for
native proteins.*® One interpretation of this parallel
is that the design methodology captures pair addi-
tive but not higher-order contributions to native
state stability and specificity, and indeed the
energy function used in the design process is
completely pair additive (this is essential to the
efficient sampling of sequence and conformational
space needed for the design of a novel protein like
Top7). Alternatively, since Top7 is exceptionally
stable, partially folded forms of Top7 may be rela-
tively stable, and population of such states during
folding could contribute to the complex kinetics.
It is possible that natural selection has operated to
destabilize partially folded forms of naturally
occurring proteins because of the possibility for
inappropriate interactions with other proteins; in
the computational design process there is clearly
no such negative selection.

In summary, by examining the folding kinetics of
proteins generated through computational design
rather than the natural evolutionary process we
have identified selective pressures that may be act-
ing on the folding processes of naturally occurring
proteins. Our results suggest that proteins gener-
ated through selection for function in the natural
evolutionary process may have higher folding free
energy barriers than proteins generated by compu-
tational optimization for stability. Furthermore,
in the first characterization of the folding of a
globular protein with a topology not found in
nature, we find complex folding kinetics almost
never observed for small, single domain proteins,
suggesting that rough energy landscapes with par-
tially folded intermediates and kinetic traps are
possible for small proteins, but may be under nega-
tive selection pressure, perhaps because of the
potential for inappropriate and possible deleter-
ious interactions of partially folded species with
other cellular components.
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These conclusions, however, should be viewed
as somewhat tentative as even the relatively small
number of designed proteins whose folding has
been examined to date exhibit a great diversity
of folding behaviors. For example, among the
redesigns of naturally occurring scaffolds, three
(protein L, acylphosphatase, and pro-carboxypepti-
dase) are more stable and one (SH3) less stable
than their wild-type counterparts; two (protein L
and acylphosphatase) have lower free energy bar-
riers, one has a similar barrier (SH3) and one has
a higher free energy barrier (pro-carboxypeptidase)
than the naturally occurring proteins, and in two
cases the degree of solvation of the denatured
state has changed (protein L and acylphosphatase)
and in one it has not (pro-carboxypeptidase).
More clear delineating of the differences in the
consequences for folding of evolutionary selection
for function wversus computational selection for
stability will require continued characterization in
the coming years of the folding of the whole new
world of designed proteins which may someday
grow to match the diversity found in nature.

Materials and Methods

Protein design, mutagenesis, and purification

The src SH3 sequence was redesigned using an itera-
tive method described.’*” In the first step, 1000 low free
energy sequences for the SH3 backbone were produced
in independent Monte Carlo searches in which all 20
amino acid residues were allowed at each position,
except position 37 which was restricted to a tryptophan
residue, allowing for fluorescence measurements. The
rotamers sampled in the first step were restricted to the
standard Dunbrack library.® In a second set of 1000 inde-
pendent Monte Carlo searches, an extended rotamer
library was used and the amino acid residues allowed
at each site were restricted to those observed in the first
step, producing 1000 new sequences. Additionally, pro-
line residues were only allowed in native positions. The
top scoring sequence from the second set was chosen
for further study and a synthetic gene was obtained
from BlueHeron Technologies (Seattle, WA).

Previously reported equilibrium and kinetic data for
wild-type pro-carboxypeptidase were obtained using
urea denaturation.” Since sufficiently high urea con-
centrations could not be obtained to denature the
redesigned pro-carboxypeptidase sequence, we obtained
a synthetic gene for wild-type pro-carboxypeptidase
from BlueHeron Technologies, allowing for expression,
purification, and characterization of the wild-type pro-
carboxypeptidase folding kinetics in guanidine.

All of the redesigned genes and the synthetic pro-
carboxypeptidase gene, were cloned into the pet29b(+)
expression vector (Novagen). Point mutations were
introduced into Top7 and the redesigned protein L
and acylphosphatase sequences using Stratagene’s
QuikChange kit. The proteins were expressed and
purified as described.”

NMR

The 1D spectrum of ~800 uM redesigned SH3 protein

in 90% 50 mM sodium phosphate (pH 6.0), 10% *H,0 was
recorded at 298 K at 500 MHz.

Equilibrium measurements

Fluorescence denaturation melts were taken in a Spex
Fluorolog 2 spectrofluoremeter using a 1cm cuvette.
The excitation wavelength was 280 nm and the emission
wavelength was monitored using the constant wave-
length averaging function (see Figure legends for specific
emission wavelengths). Slit widths of 1 mm were used
for both excitation and emission monochrometers. All
measurements were taken at 295(*=1) K.

Circular dichroism denaturation melts were moni-
tored using an Aviv CD spectrometer 16A DS and a
Hamilton syringe titrating device. A 1 cm cuvette was
used and the observation cell was thermostated to
295(+0.2) K using a Peltier device.

Kinetic measurements

All stopped flow kinetic data were obtained using a
BioLogic SFM4/QFM4, and fit to a single exponential
using the Biokine analysis software. All folding and
unfolding reactions were carried out at 295(*+ 1) K using
a circulating water bath. Fluorescence measurements
were made with an excitation wavelength of 280 nm
using a 0.8 mm cuvette. The fluorescence emission was
measured using a 309 nm cutoff filter (Oriel) for the
redesigned acylphosphatase, SH3, protein L, and pro-
carboxypeptidase sequences and a 380 nm cutoff filter
(Oriel) for Top7. Folding and unfolding experiments
were, otherwise, conducted as described.®

The folding and unfolding data were fit according to a
two-state model:

In kops = In {kaZOeXP (M)

RT
a0y (—Muldenaturant]
+ ku exp ( RT (1)

The observed relaxation rate, kops, at any given guani-
dine concentration is the sum of the folding and unfold-
ing rates (kf and ky); the logarithms of these rate
constants are assumed to be linear functions of the dena-
turant concentration with coefficients m and m,, respec-
tively. kH29 and kI?© are the rates of folding and
unfolding in the absence of denaturant.
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