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A previously developed computer program for protein design,
RosettaDesign, was used to predict low free energy sequences for nine
naturally occurring protein backbones. RosettaDesign had no knowledge
of the naturally occurring sequences and on average 65% of the residues
in the designed sequences differ from wild-type. Synthetic genes for ten
completely redesigned proteins were generated, and the proteins were
expressed, purified, and then characterized using circular dichroism,
chemical and temperature denaturation and NMR experiments. Although
high-resolution structures have not yet been determined, eight of these
proteins appear to be folded and their circular dichroism spectra are
similar to those of their wild-type counterparts. Six of the proteins have
stabilities equal to or up to 7 kcal/mol greater than their wild-type
counterparts, and four of the proteins have NMR spectra consistent with
a well-packed, rigid structure. These encouraging results indicate that
the computational protein design methods can, with significant reliability,
identify amino acid sequences compatible with a target protein backbone.
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Introduction

The ultimate goal of protein design is the
creation of novel proteins that perform specified
tasks. A necessary requirement for meeting this
goal is the ability to identify sequences that fold
with sufficient stability into a target structure.
Towards this end several laboratories have
developed computer programs for identifying
amino acid sequences compatible with a given
protein.1 – 8 A rigorous test for these models is the
complete redesign of naturally occurring proteins.
In such a test, the only information given to the
method is the backbone coordinates of the protein
to be redesigned. Although there has been con-
siderable recent success in the field of compu-
tational protein design,9 – 12 the pioneering zinc

finger redesign by Mayo and co-workers is the
only published report in which automated pro-
cedures have been used to completely redesign a
naturally occurring protein backbone.1

Previously we demonstrated that our method for
protein design, RosettaDesign, produces native-
like sequences when run on a large test set of
naturally occurring protein backbones.13 On
average, 30% of the residues were identical with
their wild-type counterpart, and in the core the
level of identity was 50%. These results suggested
that RosettaDesign was performing well, but they
did not indicate whether the design sequences
would actually fold into the target structures. The
RosettaDesign method has been applied success-
fully to the redesign of protein folding pathways,14

backbone conformations,15 and oligomerization
states.16 Here, to more rigorously test Rosetta-
Design and, more generally, to assess the consist-
ency with which modern computational protein
design methodology can completely redesign the
sequences of small proteins, we make and charac-
terize complete redesigns of nine globular proteins.

Like all automated procedures for protein
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design, RosettaDesign has two main components:
an energy function that ranks the relative fitness
of various amino sequences for a given protein
structure and a search function for rapidly scan-
ning sequence space. The energy function used by
RosettaDesign is dominated by Lennard–Jones
interactions, an orientation dependent hydrogen
bonding potential,17 and an implicit solvation
model.18 The Lennard–Jones term favors atoms
being closely packed, but not too close to each
other and therefore provides the steric information
needed to correctly pack a protein core. The
implicit solvation model penalizes the burial of
polar atoms and therefore favors hydrophobic
residues in the core of the protein and hydrophilic
residues on the protein surface. The hydrogen
bond term offsets the implicit solvation model by
rewarding buried polar groups that form good
hydrogen bonds. Amino acid specific reference
energies approximate the average free energy of
each of the amino acids in the denatured state.

Even for a small protein the size of sequence
space is enormous and therefore it is not feasible
to explicitly calculate the energy of every possible
sequence. RosettaDesign uses a simple Monte
Carlo optimization to identify low energy
sequences. Starting from a completely random
sequence, single amino acid substitutions are
accepted or rejected using the Metropolis criterion.
To make the search discrete, side-chain confor-
mations are restricted to the backbone torsion
angle dependent rotamer conformations in

Dunbrack’s library.19 This optimization procedure
converges to very similar sequences (70–80%
identity) when multiple runs are started with
different random sequences. Unlike the commonly
used dead-end elimination algorithm, the Monte
Carlo protocol does not guarantee that the final
sequence will be at the global energy minimum,
but the convergence observed from multiple runs
strongly suggests that the search is not getting
trapped in local minima. An advantage of the
Monte Carlo protocol is that it is very fast, a typical
search for a 100 residue protein takes approxi-
mately five minutes on a desktop computer.

Results

RosettaDesign was used to design sequences for
nine globular proteins: the src SH3 domain,
lambda repressor, U1A, protein L, tenascin, procar-
boxypeptidase, acylphosphatase, S6, and FKBP12
(Figure 1). For protein L, two sequences were
chosen for experimental study. On average, the
redesigned protein sequences are 35% identical
with the wild-type sequence over all residues and
50% identical for the core residues (Table 1). In
general, the overall amino acid composition in the
redesigns is similar to that of the wild-type
proteins, although a few of the redesigns are more
hydrophobic than the wild-type protein. The
redesign of S6 has the most dramatic change, 59%
of the residues are non-polar in the redesign while

Figure 1. Ribbon diagrams of the
nine redesigned structures. The
PDB codes and respective residue
numbers are: acylphosphatase
(2acy, 1–98), lambda repressor
(1lmb, 6–92), U1A (1urn, 2–97),
procarboxypeptidase (1aye, 10–79),
C-Src SH3 (1fmk, 83–142), tenascin
(1ten, 803–890), FKB12 (1fkb, 1–
107), protein L (1hz5, 1–62), S6
(1ris, 1–94).
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only 49% of the residues are non-polar in the wild-
type protein.

Synthetic genes which place each of the ten
protein sequences under the control of the T7
promoter, with a C-terminal 6£ His tag, and a
codon usage optimal for Escherichia coli were
obtained from BlueHeron Biotechnologies. Follow-
ing induction in E. coli, each of the proteins was
clearly visible on Coomassie-stained SDS/poly-

acrylamide gels, and it was possible to purify all
ten proteins to reasonable homogeneity using
nickel affinity chromatography.

The folding and stability of each of the
redesigned proteins was assessed using a battery
of biophysical techniques. The extent of secondary
structure in the completely redesigned proteins
was assessed by circular dichroism spectroscopy
(Figure 2). Size-exclusion chromatography was

Table 1. Sequence alignments comparing the wild-type sequences (WT) to the design sequences (D)
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Figure 2. Circular dichroism spectra of the redesigned proteins. The CD spectra of eight of the redesigned proteins
(pL1, pL2, LMB, URN, AYE, ACY, RIS) show the expected WT-like secondary structure content. The spectrum of
redesigned src-SH3 resembles a random-coil. Far-UV CD spectra were collected on 15–25 mM protein samples in
50 mM sodium phosphate (pH 7.0) at 25 8C (blue), at 95–98 8C (red) or in 5–8 M Gu-HCl at 25 8C (pink).
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used to determine if the proteins were monomeric
(data not shown). Chemical (Figure 3) and thermal
(Figure 4) denaturation experiments were used to
confirm that the proteins were folded and to deter-
mine their stabilities. One-dimensional 1H NMR
experiments (Figure 5) were used to further con-

firm that the proteins were folded and to probe
the rigidity of their structures. On the basis of the
results from these experiments we were able to
place the proteins into different categories:
unfolded versus folded, lower or higher than WT
stability, and more or less rigid (Table 2).

Figure 3. Chemical denaturation of the redesigned proteins. The Gu-HCl-induced denaturation profiles of seven of
the redesigned proteins (pL1, pL2, LMB, URN, AYE, ACY) are two-state and co-operative. Redesigned S6 does not
denature at any Gu-HCl concentration. The erratic melt of redesigned SH3 suggests that the protein adopts a random
coil structure. Ellipticity at 220 nm was monitored as a function of Gu-HCl concentration for ,5 mM protein in
50 mM sodium phosphate, pH 7.0, 25 8C, in a 1 cm cuvette. The data were fit using a two-state model with a linear
dependence of the free energy of unfolding (DGU

H2O) on denaturant concentration. DGU
H2O values are given in Table 3.

The data sets used are averages of duplicate experiments with 30 separate denaturant concentrations.
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Only one of the proteins, the SH3 redesign, is
clearly unfolded. The CD spectra of redesigned
SH3 (Figure 2) is typical of a random coil and the
1D 1H NMR spectrum (Figure 5) shows sharp
lines and very little dispersion, strongly indicative
of an unfolded protein.

Three of the proteins were multimeric even at

low concentration. The tenascin redesign visibly
aggregates at low concentrations and could not be
further characterized. Size-exclusion chromato-
graphy of the FKBP12 and S6 redesigns
suggest they form oligomers, but the two proteins
do not form extensive aggregates and their CD
spectra are similar to their naturally occurring

Figure 4. Thermal denaturation of the redesigned proteins. The temperature-induced denaturation profiles of five of
the redesigned proteins (pL1, pL2, URN, AYE, ACY) are two-state and co-operative. Redesigned lambda repressor
exhibits a non-cooperative temperature melt, and redesigned SH3 is unfolded at all temperatures. Ellipticity at
220 nm was monitored as a function of temperature for ,10 mM protein in 50 mM sodium phosphate, pH 7.0 in a
2 mm cuvette (blue curves). Pink curves are temperature melts performed for each protein at a Gu-HCl concentration
where each protein was still folded at 25 8C (as ascertained from Figure 3).
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Figure 5. One-dimensional 1H NMR spectra of the redesigned proteins. The sharp lines and strong dispersion in the
spectra of pL1, pL2, URN and AYE suggest that these proteins are well folded in a unique conformation. Additionally,
the peaks between 5ppm and 5.5ppm suggest that these proteins have residues in a b-sheet, which is consistent with
the target structure for these designs. Spectra were obtained at 27 8C in 50 mM sodium phosphate (pH 7). Protein con-
centrations were between 600 mM and 1.2 mM.

Table 2. Summary of experimental results

Redesigned
proteins CD spectra Gu-HCl melt Temperature melt 1D 1H NMR Verdict

src SH3 Random-coil Non-cooperative Non-cooperative Sharp-lines; no
dispersion

Unfolded

Tenascin b-Sheet like
WT

Aggregated unable to determine (UTD) Aggregated

l-Repressor a-Helical like
WT

Cooperative
stability , WT

Non-cooperative Broad-lines; weak
dispersion

Destabilised less
rigid

Acylphosphatase a/b-Like WT Cooperative
stability ¼ WT

Cooperative
Tm . WT

Broad-lines; strong
dispersion

Stable less rigid

Immunophillin
FKBP12

a/b-Like WT Cooperative
stability ¼ WT

UTD UTD Stable multimeric

Ribosomal S6 a/b-Like WT Does not denature UTD UTD Stabilised
multimeric

Protein L 1 a/b-Like WT Cooperative
stability , WT

Cooperative
Tm . WT

Sharp lines; strong
dispersion

Destabilised
well-folded

Protein L 2 a/b-Like WT Cooperative
stability ¼ WT

Cooperative
Tm . WT

Sharp lines; strong
dispersion

Stable well-folded

RNA-binding U1A a/b-Like WT Cooperative
stability . WT

Cooperative
Tm . WT

Sharp lines; strong
dispersion

Stabilised
well-folded

Procarboxypeptidase a/b-Like WT Cooperative
stability . WT

Cooperative
Tm . WT

Sharp lines; strong
dispersion

Stabilised
well-folded
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counterparts, suggesting that they may adopt the
target structures. While the FKBP12 redesign
denatured at high guanidine concentration, as
evidenced by the change in the CD spectrum
(Figure 2), the CD spectrum of redesigned S6 was
remarkably resistant to both temperature and
chemical denaturant (Figure 2); hence redesigned
S6 may be stabilized by intermolecular as well as
intramolecular interactions. Clearly the compu-
tational design method, in addition to optimizing
the stability of a given structure, needs to take
into account solubility issues as well. This may
perhaps be achieved by negative design against
possible intermolecular interactions, for example
by placing inwardly pointing charged amino acids
in edge beta strands as suggested by Richardson
& Richardson.20

The six remaining redesigned proteins appear
monomeric and folded as evidenced by size-
exclusion chromatography, CD spectra, and chemi-
cal denaturation experiments. The proteins chro-
matographed as monomers by gel-filtration
chromatography, and comparison of their CD
spectra (Figure 2) to previously published CD
spectra of their naturally occurring counterparts
suggested a very similar distribution of secondary
structures. Chemical denaturation data fit well to
a simple two-state folding model (Figure 3), and
for the designed proteins with buried tryptophan
residues, unfolding transitions monitored by CD
and by intrinsic fluorescence (data not shown)
were coincident, further supporting the two-state
model typical for small naturally occurring
proteins. The free energies of unfolding and their
denaturant dependencies (m values) for the
redesigned proteins were estimated from the fits
of the chemical denaturation data (Figure 3) to the
two-state model. The m values of the designed
proteins are in the range of those of naturally
occurring small proteins; of the four cases where
direct comparisons are possible, two of the
designed proteins have smaller m values than
their wild-type counterparts, one has a larger
value, and one a very similar value (Table 3). Of

the six proteins, two, the redesigned lambda
repressor and one of the two protein L redesigns
(pL1), are clearly less stable than their naturally
occurring counterparts (Figure 3 and Table 3). The
redesigned acylphosphatase and the second
protein L redesign (pL2) have roughly the same
stability as their naturally occurring counterparts
(Table 3). In contrast, the U1A and procarboxy-
peptidase redesigns were significantly more stable
than the naturally occurring proteins, redesigned
U1A by ,2 kcal/mol and redesigned procarboxy-
peptidase by a striking ,7 kcal/mol.

Two common features of many naturally occur-
ring proteins are cooperative thermal denaturation
transitions and NMR spectra with strong dis-
persion and sharp lines. Both of these features
appear to be linked to the rigidity of the protein
structure. In a rigid protein each atom is located
in a well-defined environment and therefore only
one sharp NMR peak is observed for each
resonance. In contrast, if the structure is more
molten then the atom may be in multiple different
environments on a time-scale relevant to the NMR
measurement and therefore broad NMR lines are
observed. A highly cooperative thermal transition
indicates a large change in enthalpy upon unfold-
ing and is consistent with a change from a rigid
folded protein to a dynamic unfolded protein.

To assess the rigidity of the redesigned proteins,
1D NMR spectra and temperature melts were
obtained. Redesigned lambda repressor does not
have a cooperative thermal melt or an NMR spec-
trum with sharp lines, suggesting that it may be
more flexible than the other redesigns. Redesigned
acylphosphatase has a cooperative thermal melt,
but the NMR spectrum has broad lines, which
may in this case reflect some intermolecular associ-
ation at high concentration (and hence slower
tumbling times and broader NMR lines).

Remarkably, four of the beta sheet-containing
protein redesigns appear to be as rigid as most
naturally occurring proteins. The two protein L
redesigns and the redesigns of U1A and pro-
carboxypeptidase have cooperative thermal melts

Table 3. Thermodynamic stability of the designed and wild-type proteins

Protein

DGU
H2O

(WT,
(kcal mol21)

DGU
H2O

(design,
kcal mol21)

m-GuHCl
(WT,

kcal mol21 M21)

m-GuHCl
(design,

kcal mol21 M21) Tm (WT, 8C) Tm (design, 8C)

Lambda repressor27 4.8 2.8 2.4 1.1 56 –
U1A28 8.1 9.9 1.8 2.0 [ ] .100
Src SH329 3.8 – 1.6 – [ ] –
S630 11.6 – [ ] – 99 –
Acylphosphatase31 4.8 5.3 [ ] 1.7 54 .100
Procarboxypeptidase32 4.1 11.9 [ ] 2.0 70–77 .100
FKBP1233 4.6 4.8–7.1a 5.4 – [ ] –
Protein L (1)34,35 4.6 3.7 1.9 1.4 70 ,100
Protein L (2)34,35 4.6 4.4 1.9 1.8 70 .100

–, Unable to determine. [ ] not found in the literature.
a Due to a strongly sloping “folded” baseline, slightly different baseline estimates yield significantly different DG estimates for

redesigned FKBP12, with very similar fitting errors. This high variability may be due to the guanidine-induced solubilization of aggre-
gates of this protein at low guanidine concentrations.
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(Figure 4) and NMR spectra with relatively sharp
lines and good dispersion (Figure 5). In addition,
the NMR spectra for these proteins have small
peaks just downfield of the water (5–5.5ppm) that
are probably from Ca protons on the backbone
and are strongly indicative of a b-sheet.21

Another hallmark of naturally occurring proteins
is a large change in heat capacity upon folding.
Two of the proteins, redesigned U1A and acyl-
phosphatase, cold-denature at intermediate con-
centrations of guanidine and estimates of DC8p

could be obtained from fits of temperature
denaturation experiments to the Gibbs–Hemholtz
equation. For both proteins the DC8p per residue is
approximately 10 cal deg21 mol21, which falls
within the range of DC8p per residue values
reported for natural proteins of this size.22

Discussion

Here we have shown that RosettaDesign can
reliably predict sequences that fold to stable
structures, and that the designed proteins often
have features typical of naturally occurring
proteins. Half of the folded designs have NMR
spectra and temperature melts typical of tightly
packed proteins. These findings significantly
extend the pioneering successful complete
redesign of the 25 residue zinc finger Zif2681 to a
broad range of considerably larger proteins.

Since so many mutations were made to each
protein it is difficult to determine why some
designs were more successful than others, but
there are some trends. Three redesigns were sig-
nificantly more stable than their wild-type versions
(the redesigns of S6, U1A, and procarboxypepti-
dase) and two redesigns were less stable (one of
the protein L redesigns and the redesign of lambda
repressor). In each of the cases where the designs
were more stable, the design sequence had a
greater fraction of hydrophobic amino acids than
the wild-type protein. In the two cases where the
design was less stable, the redesigned sequences
were less hydrophobic than those of the wild-type
protein. These results are consistent with the
notion that the burial of hydrophobic groups is
one of the driving forces of protein folding.23

More detailed comparison of the wild-type and
redesigned proteins must await high-resolution
determination of the structures of the redesigned
proteins.

Six of the ten design sequences were soluble and
monomeric at NMR concentrations (1mM) as
judged by gel-filtration, while one was unfolded.
Why do the remaining three proteins self
associate? Redesigned tenascin was visibly aggre-
gated even at low concentrations, and therefore it
was not possible to determine if it was folded.
One possibility is that it aggregates to such a high
degree because it is unfolded and therefore its
hydrophobic core residues are exposed to inter-
actions with other molecules. Redesigned S6 and

FKBP12 do not visibly aggregate at low (CD) or
high (NMR) concentrations, but are multimeric.
This lower degree of association, when compared
to redesigned tenascin, is probably due to associ-
ation of folded monomers. Indeed, the redesigns
of S6 and FKBP12 have an increase in the fraction
of non-polar accessible (i.e. “sticky”) surface area
compared to the wild-type counterparts; this
criterion could be used as a filter to ensure that
future designs are soluble. To test this we are cur-
rently constructing variants of the S6 and FKBP12
redesigns that have fewer hydrophobic residues
on their surface. Additionally, redesigned tenascin
and FKBP12 seem to lack any of the “aggregation
preventors” that native proteins employ with their
edge beta strands, namely strand kinks or inward
pointing charged residues.20 Since designing a
kink in any strand would change the redesign
backbone from its native target, we are testing the
feasibility of the second anti-aggregation strategy
by constructing variants of redesigned tenascin
and FKBP12 that replace edge-strand partially sur-
face-exposed hydrophobic residues with charged
residues.

In only one case, the redesign of the src SH3
domain, was the designed protein clearly
unfolded. To examine why this designed sequence
was so unstable, we used the program Probe24 to
look for clashes in our model of the designed pro-
tein. Probe identified a large clash between Ile26
and Ala39. An examination of the multiple
sequence alignment for SH3 domains showed that
these amino acid residues are often seen at these
positions, but typically not together.25 There is a
strong preference for Ile26 to be paired with
Gly39, and Leu26 to be paired with Ala39. The
atomic radii used in our simulations are scaled by
0.95 relative to CHARMM 19 radii in order to com-
pensate for the use of fixed rotamers. If the radii
are increased to their full size, then RosettaDesign
shows a strong preference for a Leu-Ala pair. Cur-
rently we are testing these findings by mutating
Ile26 to Leu or Ala39 to Gly. This is a case where
using reduced radii can be costly, and suggests the
need for more realistic radii coupled with a better
sampling of side-chain conformational space.

The large-scale test described here establishes
that RosettaDesign can redesign naturally occur-
ring proteins with a reasonable chance of success.
These encouraging results suggest that the pro-
gram is ready to attack the next big challenge in
the field of protein design, the creation of proteins
with novel structures.

Materials and Methods

Computational procedure

Our computational model for protein design, Rosetta-
Design, is largely unchanged from that described.13

RosettaDesign contains two main components: an energy
function that ranks the relative fitness of amino
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sequences for a given protein structure and a Monte
Carlo optimization procedure for rapidly searching
sequence space. The energy function is a linear combi-
nation of a 12–6 Lennard–Jones potential, the Lararidis–
Karplus implicit solvation model,18 an empirical hydro-
gen bonding potential,17 backbone dependent rotamer
probabilities,19 amino acid probabilities for particular
regions of phi,psi space, and a simple electrostatics term
derived from the probability that two types of polar
amino acid residues are found near each other in the
PDB.26 In addition, each amino acid has a unique refer-
ence energy that controls the frequency that it is placed
during design. Except for the hydrogen bonding term,
all of these energies were computed as described pre-
viously (see the Supplementary Material for a detailed
description). The new hydrogen bonding potential was
derived from hydrogen bonding geometries in high-
resolution protein structures,17 and is consistent with
quantum mechanics calculations on formamide and acet-
amide dimers (A. Morozov, & D.B., unpublished results).
Environment dependent hydrogen bond weights were
used to roughly account for the reduced dielectric in the
protein interior and the loss of side-chain entropy upon
formation of side-chain–side-chain hydrogen bonds on
the surface.17

The Monte Carlo optimization procedure used to scan
sequence space started with a random sequence. The
side-chain conformations of each amino acid were
modeled using Dunbrack’s backbone dependent rotamer
library.19 Only rotamers observed more than 3% of the
time were considered. Each round of Monte Carlo con-
sisted of replacing one rotamer, evaluating the energy
change, and accepting the change if it passed the Metro-
polis criterion. A rotamer replacement may or may not
involve changing amino acid identity. A typical run con-
sisted of a few hundred thousand rotamer replacements,
at which point the energy had typically plateaued.

Two rounds of optimization were used for each pro-
tein that was redesigned. The first round consisted of
100 independent runs in which all 20 amino acid
residues were allowed at each position. Dunbrack’s stan-
dard rotamer library was used for this round. During the
second round the amino acid residues considered at each
sequence position were restricted to those observed at
that position in the results from the first round. Typically
between one and five amino acid residues were con-
sidered at each position in the second round. Because
there were fewer amino acid residues being considered
in the second round it was possible to use an expanded
rotamer library. In addition to the standard Dunbrack
rotamers, new rotamers were constructed with chi angles
plus one and minus one standard deviation away from
the most commonly observed chi angles. These new rota-
mers were given a small energy penalty to account for
the fact that they are sub-optimal. As in the first round,
100 independent runs were performed for each protein
in the second round. From these runs, the lowest energy
sequence was chosen for experimental study. In general,
it is not clear if using a second round of design with
more rotamers was helpful. The average identity
between the design sequences and the native sequence
did not increase from round one to round two.

Protein expression and purification

Genes corresponding to the computationally selected
protein sequences were purchased from BlueHeron
Biotechnologies. The gene constructs were cloned in

plasmid pet29b(þ) (Novagen) and expressed in the
BL21(DE3)pLysS strain of E. coli. A 6£ histidine tag at
the C terminus of each construct allowed for the single-
step purification of the expressed proteins on a Niþ

affinity column (Pharmacia Biotech). Column-purified
protein was dialysed 104-fold against 50 mM sodium
phosphate (pH 7.0), which is the buffer used in all sub-
sequent experiments. Protein identity and purity was
determined by SDS-PAGE and ESI-MALDI mass spec-
troscopy. Protein concentrations were determined by
UV absorbance at 280 nm with extinction coefficients cal-
culated using the ExPASy Protparam tool†.

Circular dichroism (CD)

CD data were collected on an Aviv 62A DS spec-
trometer. Far-UV CD wavelength scans (260–200 nm) at
varying protein concentrations (15–25 mM), guani-
dinium hydrochloride (Gu-HCl) concentrations
(0–8.3 M), and temperatures (0–98 8C) were collected in
a 1 mm pathlength cuvette. Gu-HCl-induced protein
denaturation was followed by change in ellipticity at
220 nm in a 1 cm pathlength cuvette, using a Microlab
titrator (Hamilton) for denaturant mixing. Temperature
was maintained at 25 8C with a Peltier device. All CD
data were converted to mean residue ellipticity. Tem-
perature-induced protein denaturation was followed by
the change in ellipticity at 220 nm in a 2 mm pathlength
cuvette. To obtain a value for DGU

H2O, chemical denatura-
tion curves were fit by non-linear least-squares analysis
using the linear extrapolation model as applied by
Santoro & Bolen. To obtain a value for DC8p, thermal
denaturation curves were fit using the Gibbs–Hemholtz
equation in the form:

f ¼ ff þ
ðfu 2 ffÞ

1 þ e
2DG8

RT

2DG8 ¼ DH8 1 2
T

Tm

� �
þ DC8p T 2 Tm 2 T ln

T

Tm

� �� �

where f is CD signal, ff and fu are the estimated CD sig-
nal for the folded and unfolded states, respectively, R is
the gas constant, T is temperature, Tm is the temperature
where 50% of the protein is folded, DG8 is the change in
the Gibbs free energy for the unfolding reaction, DH8 is
the change in enthalpy, and DC8p is the change in heat
capacity.

Size-exclusion (gel-filtration) chromatography

Size-exclusion chromatography was carried out using
an analytical Superdex-75 column (Amersham
Pharmacia) with the Pharmacia FPLC system (GP-250
gradient programmer, P-500 Pump). Protein samples at
NMR concentrations (600 mM–1.2mM) and CD concen-
trations (10–40 mM) were equilibrated in 20 mM EDTA,
50 mM sodium phosphate (pH 7.0 at 25 8C) and run on
the Superdex-750 column at 1 ml/minute.

Nuclear magnetic resonance

One-dimensional spectra were obtained on a Bruker
AMX500 using water presaturation. Spectra were
obtained at 27 8C in 50mM sodium phosphate (pH 7).

† http://us.expasy.org/tools/protparam.html
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Protein concentrations were between 600 mM and
1.2mM.

Solvent-accessible surface area

Solvent-accessible surface area of non-polar atoms was
calculated using the program Whatif†.
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