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The design, synthesis, and characterization of novel cavitand-based hetero-TASPs, TASPs having
different peptide sequences within one bundle, are described. Three families of hetero-TASPs were
designed: the LG3/LG2 family (different linker lengths), LG3/AG3 family (altering helix
hydrophobicity), and the LG3/LG2C family (anti-parallel caviteins). These first generation
hetero-TASPs were found to be a-helical, stable towards guanidine hydrochloride, and monomeric in
solution. The LG3/LG2 caviteins exhibited primarily native-like properties. The remaining
hetero-TASP families were found to exhibit less dispersion and broader signals in the amide regions of
their 1H NMR spectra than their respective reference caviteins. The success in the design of the
LG3/LG2 hetero-TASPs suggests that subsequent hetero-TASPs may have potential to manifest
superior native-like structure compared with homo-TASPs, and refinement of the linker and peptide
sequences may accomplish this goal.

Introduction

It was Anfinsen’s early studies on ribonuclease that concluded that
a protein’s tertiary structure is encoded in its linear sequence of
amino acids.1 From this research transpired one of the greatest
unanswered questions of the life sciences to which much effort has
been expended over the past 25 years. How do linear polypeptides
that carry all the necessary information for folding take on native
three-dimensional shapes? The details of this folding process
remain unclear, and its study is referred to as the “protein-folding
problem”. A long-term goal in this area of research has been
to deduce the parameters controlling the relationship between
sequence, tertiary structure, and function. Solving the protein-
folding problem will have practical consequences in biology, drug
development, and even medicine.

One approach used to illustrate the interactions that govern the
relationship between protein sequence and structure, is through
the design and characterization of de novo proteins.2 De novo
proteins are small proteins designed from first principles, retaining
the crucial interactions of natural proteins, but otherwise lacking
their complexity. Using de novo design, a peptide sequence that is
predicted to adopt a particular fold can be synthesized, and the
tertiary structure of the resulting protein can be readily character-
ized. De novo design affords the potential to use an incremental
approach and to make individual amino acid modifications in the
design to evaluate contributions of specific residues to the overall
three-dimensional structure of a protein.3 Furthermore, this
discipline focuses on not only obtaining models for understanding
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the challenges of the folding process but to create novel molecules
with native-like structures and useful functional activities for
medical or industrial applications.4

The de novo concept can be expanded to include the use
of templates in the synthesis of template-assembled synthetic
proteins (TASPs).5 Some examples of the molecular scaffolds
used to date in the synthesis of TASPs include peptides,5

carbohydrates,6 porphyrins,7 steroids,8 calixarenes,9 transition
metals,10 and cavitands.11 In the method of template assembly,
potential units of secondary structure are attached to a rigid
scaffold in order to pre-organize the peptides and minimize the
unfavorable loss of entropy upon folding. Another advantage of
attaching peptides to a template is that it eliminates the need for
designing loop regions between the peptide strands.

De novo design and template assembly have provided a means to
synthesize diverse protein structures. Due to its relative simplicity,
one of the most common topologies encountered amongst the
examples of de novo proteins is the four-helix bundle.12 An
immense challenge in the design of these de novo four-helix
bundle proteins is the creation of native-like tertiary structures,
exhibiting well-packed hydrophobic cores. Examples of de novo
proteins with well-defined tertiary structures are limited.13 Our
group has reported the synthesis of de novo four-helix bundle
proteins using a cavitand as template, and termed the resulting
proteins “caviteins” (cavitand + protein) (Fig. 1).14 Some of these
caviteins have manifested considerable native-like properties.14a,14d

The TASPs synthesized in our lab to date have resulted from the
simultaneous ligation of peptides strands to appropriate moieties
on a cavitand (and a cyclotribenzylene, CTB) template, and have
thus been limited to having only one type of peptide sequence
attached within one bundle (e.g. three or more identical helices).15

Having the ability to synthesize hetero-TASPs, TASPs having
different peptide sequences within one bundle, would enable the
creation of novel de novo caviteins, including an anti-parallel four-
helix bundle cavitein. This article focuses on the design, synthesis,
and characterization of a first generation of hetero-TASPs.
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Table 1 Complete sequences from N- to C-termini using one-letter-abbreviated amino acids including modified termini for peptides 1, 2, 3, and 4

Peptide number Peptide name Peptide sequence

1 lg3 ClCH2CO-NH-[GGG-EELLKKLEELLKKG]-CO-NH2

2 lg2 ClCH2CO-NH-[GG-EELLKKLEELLKKG]-CO-NH2

3 ag3 ClCH2CO-NH-[GGG-EEAAKKAEEAAKKG]-CO-NH2

4a lg2c CH3CO-NH-[GEELLKKLEELLKKGGC]-Spy

a lg2c will be attached to the cavitand via a C-terminal cysteine residue; Spy is the S-pyridyl group.

Fig. 1 Cavitein synthesis.

Three hetero-TASP families were designed and synthesized
using the lg3 peptide sequence (see Table 1) as the invariable
sequence. The LG3 cavitein (bundle contained four lg3 peptide
helices) had previously been studied and was found to exhibit sig-
nificant native-like characteristics.14a In this way, LG3 served as a
useful starting point for designing a hetero-TASP, and as a suitable
reference cavitein. The LG3/LG2 hetero-TASPs were designed
with peptides having different linker lengths; the LG3/AG3 family
included two peptides with the same linker lengths but differing hy-
drophobic residues in the peptide sequences; and the LG3/LG2C
family included anti-parallel four-helix bundle caviteins.

It is generally accepted that hydrophobic interactions are the
major forces involved in initializing protein folding and stabilizing
the tertiary structures of proteins.15 Natural globular proteins have
well-defined structure where specific hydrophobic interactions of
the amino acid side chains pack like “knobs-into-holes”.16 For de
novo proteins, manifestation of such structure is thus referred to
as having native-like character. Although our previous caviteins
have possessed several native-like characteristics,14a,14d the extent
of side-chain packing specificity is not clear.

The LG3/LG2 family was designed to model a potential
“knobs-into-holes” packing within the hydrophobic core by using
two peptides sequences with different linker lengths (see Fig. 2).

Fig. 2 Schematic representation highlighting the a,b and a,c LG3/LG2
Hetero-TASP (note only two peptides are shown for clarity; see Table 1
for peptide labels).

Such a design would potentially enable the side chains of adjacent
peptide helices to be “out of register”, which might increase the
efficacy of the hydrophobic packing within the four-helix bundle
core.

The LG3/AG3 family was created to examine the effects
of decreasing the hydrophobicity of subsequent peptide helices
within a bundle. Previously, Causton synthesized an all-alanine
peptide sequence linked via disulfide bonds to a benzylthiol
cavitand template.17 He found that his all alanine-based cavitein
(four peptides had Ala in place of Leu) exhibited highly molten
globule-like characteristics. If our previously designed leucine-
based (lg3) caviteins were not entirely native-like due to an
over-packed hydrophobic core, and the all-alanine-based (ag3)
caviteins were highly under-packed, then designing a hetero-TASP
composed of two ag3 peptides and two lg3 peptides could result
in a more native-like cavitein.

The LG3/LG2C hetero-TASPs represent the first anti-parallel
caviteins to be synthesized, which was one main goal in itself.
Furthermore, perhaps the LG3/LG2C caviteins could accom-
modate a stable “knobs-into-holes” packing arrangement, and
result in highly native-like caviteins. An anti-parallel design further
permitted the evaluation of whether an increase in structural
stability could be diagnosed when the peptide helices are oriented
with opposing helix macrodipoles with respect to one another. We
report the design and synthesis of the first anti-parallel cavitein,
although other examples of anti-parallel de novo proteins and a
few anti-parallel hetero-TASPs exist in the literature,18 and it also
is a frequent topology found in natural proteins.19

Results and discussion

Design

The peptide sequences were designed by following a minimalist
approach.12c This included designing peptides with either four or
five different amino acid residues. The peptides were also designed
to be amphiphilic (i.e. the helix would contain a hydrophobic core
and hydrophilic surfaces when folded) (see Fig. 3). Apart from
Gly and Cys, the design included only amino acids with high
helical propensities to promote a stable a-helix when folded. Two
or three glycine residues were added to the N- or C-termini to
serve as a linker between the template and the a-helical segment
of the peptide. The effects of the glycine linkers on the cavitein
structure and stability have been evaluated previously.14a,14d A Gly
was incorporated at the N- or C-termini to serve as a helix-
capping residue.20 For peptides lg2, lg3, and ag3 the C-terminus
was amidated to help reduce the effect of the helix macrodipole.21

Furthermore, oppositely charged residues Lys and Glu were
placed three and four amino acids apart to encourage intrahelical
salt-bridges.

3638 | Org. Biomol. Chem., 2007, 5, 3637–3650 This journal is © The Royal Society of Chemistry 2007



Fig. 3 Helical wheel diagram of four strands of peptide 1 with the helices
oriented in parallel (reader is looking down the helical axes from C- to
N-termini).

An efficient template for TASP synthesis should pre-organize
the peptides into a desired folding pattern and be easily integrated
into the design. The template used for the formation of the
caviteins was a cavitand, a rigid organic macrocycle with an
enforced cavity.22 The rigidity of the cavitand macrocycle limits
the degrees of freedom of the constituent peptides, and thus,
stabilizes the overall tertiary structure. Some of the problems
associated with other templates in the synthesis of native-like
four-helix bundles has been their inherent flexibility.23 The thiol
functional groups located on the upper rim of the cavitand are
approximately 7 Å apart,24 which are fitting for four-helix bundle
proteins where the interhelical distances extend between 7–14 Å.25

The thiol functionalities on the cavitand are nucleophilic, and thus
serve as viable moieties for peptide attachment to efficiently afford
a template-assembled synthetic protein (TASP). Furthermore, the
cavitand template promotes the peptides strands into a desired
orientation (e.g. all parallel), and the size of the cavitand (i.e. 4-,
5-, or 6-cavitand) can be modified to accommodate different sized
bundle structures.

Synthesis

Peptides 1, 2, and 3 were synthesized using standard solid-phase
techniques.21 Manual chloroacetylation of the free N-termini of

the peptides was achieved by treatment with chloroacetyl chloride,
resulting in an activated form of the peptide. The individual
peptides were then manually treated with 95% trifluoroacetic acid
(TFA), which cleaved the peptide from the resin in addition to
removing the side-chain protecting groups simultaneously.

The N-terminus of peptide 4 was acetylated since future
attachment of the peptide to the cavitand template would take
place from the C-terminal cysteine residue via a disulfide bond
to cavitand template. The C-terminal cysteine was activated using
2,2′-dipyridyl disulfide (DPDS) to afford the activated form of
the peptide ready for incorporation into the caviteins via its C-
terminus.

The nomenclature denotes using small letters for the peptide
sequences (Table 1) and the name is then capitalized to refer to the
corresponding four-helix bundle caviteins (Table 2). The first letter
in either the peptide or cavitein name refers to the hydrophobic
residue in the helical sequence, following by the number of
glycine linkers between the peptide helices and cavitand template.
Consider LG3, the capitals signify that it is a cavitein, L = leucine
(the hydrophobic residue in the peptide sequence), and G3 = three
glycine linkers between the peptide helices and the cavitand. For
peptide 4, the attachment to the cavitand template is via the C-
terminus, which is indicated by the letter “c” at the end of the
peptide name. For example cavitein LG2C, L = leucine, G2 = two
glycine linkers, and C = peptides linked to the cavitand via their
C-termini.

Caviteins 5–8 were synthesized by following literature
procedures.11a,14a Hetero-TASPs 9–16 were synthesized via two
different methodologies, one using limited peptide equivalents
and second employing protecting groups. The first approach is
described here (see Fig. 4), and the second approach is explained
in the ESI†.

The first step entailed reacting 2.5 equivalents of peptide 1
with the cavitand template in the presence of excess DIPEA base,
and DMF solvent. The subsequent peptide mixture was purified
using RP-HPLC. The isolated products included two different
disubstituted intermediates where the two peptides attached
were either at the a,b (not shown in Fig. 4) or a,c positions
on the template, respectively, in addition to mono-, tri-, and
tetrasubstituted products (not shown in Fig. 4). The identities
of the a,b and a,c disubsituted caviteins were assigned based
on the 2 : 1 (a,b : a,c) peak area ratio in the HPLC trace (see

Table 2 Names and 5–16

Cavitein number Cavitein name Cavitein sequence

5 LG3 Cavitand–([peptide lg3])4

6 LG2 Cavitand–([peptide lg2])4

7 AG3 Cavitand–([peptide ag3])4

8a LG2C Cavitand–([peptide lg2c])4

9 2LG3·2LG2_ab Cavitand–([peptide lg3]2·[peptide lg2]2)
10 2LG3·2LG2_ac Cavitand–([peptide lg3]2·[peptide lg2]2)
11 3LG3·1AG3 Cavitand–([peptide lg3]3·[peptide ag3]1)
12 2LG3·2AG3_ab Cavitand–([peptide lg3]2·[peptide ag3]2)
13 2LG3·2AG3_ac Cavitand–([peptide lg3]2·[peptide ag3]2)
14 1LG3·3AG3 Cavitand–([peptide lg3]1·[peptide ag3]3)
15a 2LG3·2LG2C_ab Cavitand–([peptide lg3]2·[peptide lg2c]2)
16a 2LG3·2LG2C_ac Cavitand–([peptide lg3]2·[peptide lg2c]2)

a lg2c peptides are attached via their C-termini.

This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 3637–3650 | 3639



Fig. 4 Schematic representation outlining the synthesis for an a,c Hetero-TASP.

ESI†), and by the splitting of the cavitand signal in the 1H
NMR spectrum of 2LG3·2LG2_ab (see Fig. 17). The masses
of the products were confirmed by MALDI-mass spectrometry.
The product distribution contained mainly the a,b disubstituted
product (57%) followed by the a,c disubstituted product (24%)
and minimal amounts of the other three possible products. The
purified and separated mono-, di-, trisubstituted products were
then individually subjected to peptide 2, 3, or 4 in the presence
of DIPEA base, and DMF solvent, to yield the corresponding
four-helix hetero-TASPs.

Characterization

The secondary and tertiary structures of the caviteins were
analyzed using circular dichroism (CD) spectroscopy, guanidine
hydrochloride denaturation, analytical ultracentrifugation (AUC),
1D 1H NMR spectroscopy, N-H/D exchange experiments, and 1-
anilinonaphthalene-8-sulfonate (ANS) binding studies.

Far-UV/CD Spectroscopy. Far-UV (190–250 nm) CD spec-
troscopy is regularly used to quantify the extent of secondary
structure present in peptides and proteins.26 All the caviteins here
are a-helical in structure, with two characteristic negative bands
near 222 and 208 nm, and one positive band near 195 nm (see
Fig. 5–7). An exact helical content for the caviteins was not
determined since aromatic contributions by the cavitand template
near 220–260 nm are known to influence the absorbance at
222 nm.14a For all of the caviteins, the CD spectra at concentrations
of 4 and 40 lM agreed within experimental error, respectively, and
therefore the 4 lM curves for each of the caviteins are not shown.
This concentration-independence is consistent with monomeric
caviteins.

A qualitative analysis of the CD spectra suggests that the hetero-
TASPs signals approximate an average of the signals observed
for their parent derivatives. Furthermore, it is apparent in Fig. 4
that the a-helicities decrease and the CD curves shift to lower
wavelengths as the lg3 peptide helices are replaced with ag3 peptide
helices (notice the minimum at ∼203 nm for AG3, compared to
∼208 nm for LG3). This shift in the CD curve toward lower
wavelengths is indicative of random coil contributions, and has
been observed by Kwok and Hodges in studying the effects of
changing the hydrophobicity in two-stranded coiled coils.27 Lastly,
the 2LG3·2AG3_ac hetero-TASP appears to be more helical than
its a,b counterpart. This difference is not observed for the other
two hetero-TASP families.

Fig. 5 Far-UV CD spectra for the LG3/LG2 substituted caviteins at
40 lM in 50 mM phosphate buffer, pH 7.0 at 20 ◦C.

Near-UV/CD Spectroscopy. In addition to determining the
extent of a-helical secondary structure by interpreting the far-
UV region of a CD spectrum, information about protein tertiary
structure can be gathered by examining the near-UV (250–350 nm)
spectral region.26b In this range, the aromatic amino acids and
disulfide bonds are the typical chromophores, and the CD signals
they produce are sensitive to the overall tertiary structure of the
protein.28 The cavitand template is the chromophore responsible
for the absorptions in the near-UV region for caviteins. Proteins
lacking well-defined three-dimensional structures (e.g. a molten
globule or misfolded protein) produce little or no signal in the
near-UV spectral region due to the time-averaged fluctuating
structures.29 On the other hand, enhanced near-UV signals are
indicative of a well-defined protein structure due to the asymmetric
environments of their aromatic chromophores.30 Fig. 8–10 show
the near-UV CD spectra for the caviteins.

The enhanced near-UV CD signals for the LG3/LG2 caviteins
support native-like structures. The replacement of lg3 peptide
helices with lg2 peptide helices had little effect on the near-UV CD
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Fig. 6 Far-UV CD spectra for the LG3/AG3 substituted caviteins at
40 lM in 50 mM phosphate buffer, pH 7.0 at 20 ◦C.

Fig. 7 Far-UV CD spectra for the LG3/LG2C substituted caviteins at
40 lM in 50 mM phosphate buffer, pH 7.0 at 20 ◦C.

signal when compared to the LG2 cavitein. The near-UV signals
for 2LG3·2LG2_ab and 2LG3·2LG2_ac lie in between the curves
observed for LG3 and LG2. However, the signs for the absorptions
of 2LG3·2LG2_ab and 2LG3·2LG2_ac correspond to the signs of
LG2, and are opposite to LG3. This suggests that the LG2 and
2LG3·2LG2_ab and 2LG3·2LG2_ac caviteins may be supercoiled

Fig. 8 Near-UV CD spectra for the LG3/LG2 substituted caviteins at
40 lM in 50 mM phosphate buffer, pH 7.0 at 20 ◦C.

Fig. 9 Near-UV CD spectra for the LG3/AG3 substituted caviteins at
40 lM in 50 mM phosphate buffer, pH 7.0 at 20 ◦C.

in the same direction, while LG3 may be supercoiled in the reverse
direction.

The near-UV spectral region displays relatively strong signals
for both the LG3 and the 2LG3·2AG3_ac caviteins. The near-UV
signal for 2LG3·2AG3_ac is more enhanced than the other vari-
ants of the LG3/AG3 family. On the other hand, 2LG3·2AG3_ab
exhibits a reduced signal compared to 2LG3·2AG3_ac, which
supports the notion that the tertiary structure of the a,c derivative
is more efficiently packed than the a,b derivative. A clear distinc-
tion between the properties of an a,b and a,c derivative was not
observed in the other hetero-TASPs.

The near-UV region for the anti-parallel caviteins and the LG2C
reference cavitein have very little signal in this spectral region.

This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 3637–3650 | 3641



Fig. 10 Near-UV CD spectra for the LG3/LG2C substituted caviteins at
40 lM in 50 mM phosphate buffer, pH 7.0 at 20 ◦C.

This suggests little tertiary structural specificity, and could be
attributable to the disulfide linkages between the template and
peptide helices. Similar disulfide-linked caviteins have previously
shown molten globule-like characteristics.14c

Guanidine hydrochloride (GuHCl) denaturation. GuHCl is
thought to preferentially bind to protein surfaces and disrupt
hydrogen bonding, hydrophobic packing, and electrostatic inter-
actions, although the exact mechanism of denaturation is still
not known.31 The stabilities of the caviteins in the presence of
GuHCl were determined at different concentrations. Fig. 11–13
display the unfolding curves of caviteins monitored at 222 nm in
the presence of 0–8.0 M GuHCl at concentrations of 40 lM. An
additional denaturation experiment was also carried out for each

Fig. 11 Effect of GuHCl on the fraction folded, as determined by the
helicity ([h]222), of the LG3/LG2 substituted caviteins at 40 lM in 50 mM
phosphate buffer, pH 7.0 at 20 ◦C.

Fig. 12 Effect of GuHCl on the fraction folded, as determined by the
helicity ([h]222), of the LG3/AG3 substituted caviteins at 40 lM in 50 mM
phosphate buffer, pH 7.0 at 20 ◦C.

Fig. 13 Effect of GuHCl on the fraction folded, as determined by the
helicity ([h]222), of the LG3/LG2C substituted caviteins at 40 lM in 50 mM
phosphate buffer, pH 7.0 at 20 ◦C.

of the caviteins at a concentration of 4 lM (data not shown). The
caviteins at the two concentrations were indistinguishable, which
suggests the presence of monomers.

The cooperativity of the unfolding process can be measured
qualitatively by the width and shape of the unfolding transition.
A highly cooperative unfolding curve indicates that the protein
existed originally as a compact, well-folded structure. A very
gradual, non-cooperative unfolding transition indicates that the
protein existed initially as a partially folded (e.g. molten globule)
protein. All of the LG3/LG2 substituted caviteins exhibited
cooperative two-state unfolding transitions. However, it is clear
that LG3 and LG2 exhibit a more cooperative unfolding transition

3642 | Org. Biomol. Chem., 2007, 5, 3637–3650 This journal is © The Royal Society of Chemistry 2007



than do the corresponding hetero-TASPs, which have noticeably
less steep unfolding curves.

When comparing the stabilities of our caviteins towards GuHCl
one can take the concentration of GuHCl required to unfold
the cavitein halfway ([GuHCl]1/2) as a rough estimate of their
stabilities. A more accurate method for determining the stabilities
of proteins is via a “linear extrapolation method”, in which the
free energy of unfolding is assumed to vary linearly with GuHCl
concentration.32 To determine the free energy of unfolding of the
caviteins, we used the expanded method described by Santoro and
Bolen which assumes the unfolding transition to be a reversible,
two-state process.33 This method uses a non-linear least squares
fitting of data to derive at a DG0

H2O value. The extrapolated values
for DG0

H2O, m, and the denaturation midpoint for each of the
caviteins are listed in Tables 3–5.

The folded conformations of natural proteins are typically 5–
10 kcal mol−1 more stable than the unfolded state.32b By altering
the four-helix bundles of LG3 or LG2 to their hetero-TASP
counterparts, a loss in structural stability of 3–4 kcal mol−1

is encountered, however, the stabilities of all the LG3/LG2
caviteins still fall in the range of natural proteins. Larger m values
correspond to a more cooperative unfolding transition, and can
therefore be used as an estimate of native-like structure.34 The m
values for the four caviteins were comparable to the m values found
in native proteins.35

The unfolding transitions for the LG3/AG3 substituted
caviteins were non-cooperative except for the reference cavitein
LG3 (Fig. 12). It is clear from the denaturation curves that the
replacement of a single lg3 helix with an ag3 helix results in a
large loss in structural stability. It appears that the side chains
of the alanine residues of a single helix within the four-helix

Table 3 Guanidine hydrochloride-induced denaturation data calculated
for the LG3/LG2 substituted caviteins

Cavitein [GuHCl]1/2/M m/kcal mol−1 M−1 DG0

H2O/kcal mol−1

LG3 5.6 ± 0.1 −1.9 ± 0.1 −10.8 ± 0.4
LG2 5.7 ± 0.1 −1.8 ± 0.1 −10.4 ± 0.3
2LG3·2LG2_ab 5.4 ± 0.1 −1.2 ± 0.1 −6.6 ± 0.3
2LG3·2LG2_ac 5.2 ± 0.1 −1.4 ± 0.1 −7.4 ± 0.5

Table 4 Guanidine hydrochloride-induced denaturation data calculated
for the LG3/AG3 substituted caviteins

Cavitein [GuHCl]1/2/M m/kcal mol−1 M−1 DG0

H2O/kcal mol−1

LG3 5.6 ± 0.1 −1.9 ± 0.1 −10.8 ± 0.4
AG3 1.1 ± 0.1 — —
3LG3·1AG3 3.3 ± 0.1 −0.8 ± 0.1 −3.7 ± 0.4
2LG3·2AG3_ab 2.1 ± 0.1 — —
2LG3·2AG3_ac 2.2 ± 0.1 — —
1LG3·3AG3 1.6 ± 0.1 — —

Table 5 Guanidine hydrochloride-induced denaturation data calculated
for the LG3/LG2C substituted caviteins

Cavitein [GuHCl]1/2/M m/kcal mol−1 M−1 DG0

H2O/kcal mol−1

LG3 5.6 ± 0.1 −1.9 ± 0.1 −10.8 ± 0.4
LG2C 5.4 ± 0.1 −2.3 ± 0.1 −11.8 ± 0.4
2LG3·2LG2C_ab 5.5 ± 0.1 −1.6 ± 0.1 −8.8 ± 0.4
2LG3·2LG2C_ac 5.4 ± 0.1 −1.5 ± 0.1 −8.4 ± 0.4

bundle (3LG3·1AG3) are too small and result in an under-packed
hydrophobic core.

The data in Table 5 suggests that the anti-parallel caviteins
(LG3·LG2C_ab and LG3·LG2C_ac) were less stable by 2–3 kcal
mol−1 toward the chemical denaturant as compared to their refer-
ence caviteins (LG3 and LG2C). Although all of the denaturation
curves look similar, the regions near 8.0 M GuHCl are less steep
for the hetero-TASPs, resulting in the lower calculated stabilities.
The unfolding curve for the LG2C reference cavitein was slightly
steeper than the other denaturation curves, and resulted in the
greatest value for the DG0

H2O values of unfolding. All caviteins
of this family, however, were still of similar stability as native
proteins.32b

Analytical ultracentrifugation (AUC). Sedimentation equilib-
rium can provide thermodynamic information of molecules
including their molar mass, association constants, and
stoichiometries.36 Such studies were performed on all of the
caviteins to accurately determine their oligomeric states and
molecular weights in solution. The caviteins were analyzed at three
different concentrations and rotor speeds. The sedimentation equi-
librium data were analyzed using NONLIN,37 and the exponential
plot of absorbance versus radius for LG3 is shown in Fig. 14. The

Fig. 14 Sedimentation equilibrium concentration distributions of LG3
at a rotor speed of 27 000 rpm in 50 mM phosphate buffer, pH 7.0, 20 ◦C
at 10 lM. The upper panel represents the residuals for the fit. In the lower
panel the solid line represents a theoretical fit to a monomer equilibrium.

This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 3637–3650 | 3643



Table 6 Molecular weights (Mw) determined by sedimentation equilibrium for the Hetero-TASPs at 20 ◦C in 50 mM pH 7.0 phosphate buffer at
concentrations of 10, 50, and 80 lM with rotor speeds of 27 000, 35 000 and 40 000 rpm

Cavitein Experimentally determined Mw (Da) Calculated Mw (Da) Predominant species

LG2 8500 ± 600 8016 Monomer
LG3 8000 ± 300 8240 Monomer
AG3 7500 ± 200 7400 Monomer
LG2C 8700 ± 600 8424 Monomer
2LG3·2LG2_ab 7800 ± 500 8128 Monomer
2LG3·2LG2_ac 7900 ± 400 8128 Monomer
2LG3·2AG3_ab 8000 ± 400 7820 Monomer
2LG3·2AG3_ac 7900 ± 300 7820 Monomer
2LG3·2LG2C_ab 8800 ± 500 8332 Monomer
2LG3·2LG2C_ac 8700 ± 400 8332 Monomer

plots for the other caviteins were similar and are therefore not
included. All of the caviteins were found to exist as monomers in
solution and the experimental and calculated molecular weights
corresponded (Table 6).

1H NMR spectroscopy. One-dimensional 1H NMR spec-
troscopy is a simple diagnostic method used to differentiate
between native-like and molten globule-like structures. Natural
proteins exhibit considerable chemical shift dispersion, which is
indicative of native-like structure,38 whereas the looser packing
arrangement of molten globule-like structures results in broader,
less disperse signals.39 The spectral region between 7 and 11 ppm
is typically examined because distinct sharp and disperse signals
are observed for native-like proteins corresponding to the slowly
exchanging amide protons. A stacked plot of the amide regions
of the 1H NMR spectra for hetero-TASP families are shown in
Fig. 15–17, respectively.

Fig. 15 Expansions of the amide regions of 500 MHz 1H NMR spectra
of the LG3/LG2 substituted caviteins at ∼1.5 mM in 10% D2O, 45 mM
phosphate buffer, pH 7.0 at 20 ◦C. (a) LG3 (b) LG2 (c) 2LG3·2LG2_ab
(d) 2LG3·2LG2_ac (* = cavitand signals).

The 1H NMR spectra of LG2 and LG3 each show ∼13
distinguishable dispersed amide signals indicative of a well-
defined amide backbone with a high content of tertiary structure.
The presence of only 13 amide signals for the LG2 and LG3
caviteins suggests that many of the amino acid residues are in
a degenerate environment and therefore indistinguishable from
each other, likely due to the four-fold symmetry of the cavitein.

Fig. 16 Expansions of the amide regions of 500 MHz 1H NMR spectra
of the LG3/AG3 substituted caviteins at 1.5 mM in 10% D2O, 45 mM
phosphate buffer, pH 7.0 at 20 ◦C. (a) LG3 (b) AG3 (c) 2LG3·2AG3_ab
(d) 2LG3·2AG3_ac (* = cavitand signals).

Fig. 17 Expansions of the amide regions of 500 MHz 1H NMR spectra
of the LG3/LG2C substituted caviteins at 1.5 mM in 10% D2O, 45 mM
phosphate buffer, pH 7.0 at 20 ◦C. (a) LG3 (b) LG2C (c) 2LG3·2LG2C_ab
(d) 2LG3·2LG2C_ac (* = cavitand signals).

The amide regions of the LG3/LG2 caviteins exhibit sharp and
disperse signals characteristic of native-like proteins. Additionally,
the Hout cavitand signal at ∼6.1 ppm for 2LG3·2LG2_ab and
2LG3·2LG2_ac is comparable to the Hout signal for the parent
caviteins. The Hout signal should split into a doublet since it is
coupled to the Hin proton on the cavitand template. The sharpness
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Fig. 18 Stack plot of the 500 MHz 1H NMR spectra illustrating the
time-dependent amide H/D exchange of LG3 at ∼1.5 mM in 50 mM
deuterated acetate buffer, pD 5.02 at 20 ◦C. (a) 6 min (b) 20 min (c) 1 h
5 min (d) 6 h 10 min (e) 23 h 19 min (f) 72 h 53 min (g) 9 d 1 h 21 min (* =
cavitand signals).

of the Hout signal for all of the caviteins of this family suggests that
these caviteins are primarily populating a single conformation,
supportive of native-like structure.

The amide region of LG3 and AG3 are considerably sharper
than those of 2LG3·2AG3_ab or 2LG3·2AG3_ac. The amide
region for AG3 however, is less dispersed than the amide
region of LG3. The broad spectra for 2LG3·2AG3_ab and
2LG3·2AG3_ac suggest that these caviteins are less native-like
than their parent reference caviteins, and exhibit some molten
globule-like characteristics. The broad signals in the amide region
of the 1H NMR spectra of 2LG3·2AG3_ab and 2LG3·2AG3_ac
complement the non-cooperative unfolding curves observed in the
GuHCl denaturation experiments, again supporting the tertiary
structures of 2LG3·2AG3_ab and 2LG3·2AG3_ac as being molten
globule-like. A similar argument could not be made for AG3,
which has very sharp, although poorly dispersed, amide signals
in its 1H NMR spectrum, characteristic of native-like structure,
whereas a non-cooperative unfolding curve was observed in the
GuHCl denaturation experiment.

The 1H NMR spectrum of LG3 is considerably sharper than
LG2C or the anti-parallel caviteins. Unfortunately, the spectrum
of the LG2C cavitein is of poor quality due to a lack of
sufficient protein sample (synthesis hampered by an S-pyridyl
impurity making purification difficult). Looking at the spectrum
of 2LG3·2LG2C_ac, the amide signals are slightly sharper than
the amide signals in the 2LG3·2LG2C_ab cavitein. It is difficult
to make any strong conclusions about the tertiary structures of
the anti-parallel caviteins, although they do exhibit less native-
like character than LG3. One interesting observation in the 1H
NMR spectrum for the 2LG3·2LG2C_ab (Fig. 17c) cavitein is
the splitting of the cavitand signal (Hout) at ∼6.1 ppm into what

appears to be three signals in a ∼1 : 2 : 1 ratio. This splitting of
the Hout cavitand signal supports the assignment of this cavitein as
being a,b substituted.

N-H/D exchange. Hydrogen–deuterium exchange is a valu-
able diagnostic technique in the study of protein tertiary
structures.40 The rate of exchange of the amide protons in native-
like proteins can be studied by NMR and has been found to
be much slower when compared to such exchange in molten
globule-like structures. The observed rate of exchange of an
amide proton in a structured environment (kobs) can be divided
by a calculated intrinsic rate of exchange for an amide in an
unstructured environment at a given temperature and pH (kin)
to give a number called a “protection factor”.40e The larger the
protection factor, the slower the rate of exchange of the amide
proton with the solvent and hence the proton is said to be
“protected” from exchange. Typical protection factors for native
proteins are in the range of 105–108, where as molten globule-like
structures exhibit protection factors in the range of 101–103.40d,40e

A representative stack plot for the N–H/D exchange for LG3 is
shown in Fig. 18. The first-order exchange rates and protections
factors for the LG3/LG2 and LG3/LG2C hetero-TASP families
are tabulated in Tables 7 and 8, respectively. No protection factors
were calculated for the LG3/AG3 family, excluding LG3, as all of
the amide protons exchanged with solvent before the first spectrum
could be acquired.

LG3 and LG2 were found to have the largest protection factors
determined from the N–H/D exchange experiments, suggesting
that these amide protons were uniquely protected from the solvent.
The amide protons in the remaining hetero-TASPs exchanged with
the solvent within 1.5 hours.

ANS binding. 1-Anilinonaphthalene-8-sulfonate (ANS) is a
hydrophobic, nonpolar dye, which binds preferentially to ex-
posed hydrophobic surfaces of a protein, and can be effectively
detected using fluorescence spectroscopy.41 Molten globule-like
structures typically expose more hydrophobic surfaces through
their mobility, and therefore typically bind nonpolar molecules
more strongly than native-like proteins.42 Furthermore, ANS
seldom binds to unfolded proteins. ANS binding was studied
by fluorescence spectroscopy, and under standard experimental
conditions43 negligible binding was observed for any of the
caviteins (the emission spectra for the caviteins can be found in
the ESI†).

Conclusions

De novo protein design entails the study of protein structure
and the forces involved in protein folding and stability, as well
as the design and synthesis of novel compounds, including the
creation of functional proteins. Designing de novo proteins with
concrete native-like structures remains as an important but largely
unachieved goal.

The present work reports the development of methods for
the efficient synthesis of cavitand-based hetero-TASPs, which
will hopefully expedite the exploration of hetero-TASPs, as few
examples have been reported.4g,18d Of the caviteins studied, the
LG3/LG2 family resulted in tertiary structures with similar prop-
erties of other native-like de novo proteins.18c,43b 2LG3·2LG2_ab
and 2LG3·2LG2_ac were the first cavitand-based hetero-TASPs to
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Table 7 Tabulated data from the mmide H/D exchange experiments of the LG3/LG2 substituted caviteins in a 50 mM acetate buffer, pD 5.02 at 20 ◦C

Cavitein name Amide proton chemical shifta/ppm First-order rate constant/h−1 Half-life/h Protection factorb

LG3 8.5 2.97 × 10−2 23 (7.3 ± 0.5) × 103

LG2 8.5 3.37 × 10−2 20 (6.3 ± 0.5) × 103

2LG3·2LG2_ab 8.5 4.62 × 10−1 1.0 (3.1 ± 0.3) × 102

2LG3·2LG2_ac 8.5 6.93 × 10−1 1.5 (4.7 ± 0.3) × 102

a Only the data on the most protected proton is included. b These values are based on the half-life of an unprotected proton at 20 ◦C at pD 5.02 to be
3.18 × 10−3 h.

Table 8 Tabulated data from the amide H/D exchange experiments of the LG3/LG2C substituted caviteins in a 50 mM acetate buffer, pD 5.02 at 20 ◦C

Cavitein name Amide proton chemical shifta/ppm First-order rate constant/h−1 Half-life/h Protection factorb

LG3 8.5 2.97 × 10−2 23 (7.3 ± 0.5) × 103

LG2C 8.5 1.39 0.50 (1.6 ± 0.2) × 102

2LG3·2LG2C_ab 8.5 2.77 0.25 (7.9 ± 0.2) × 101

2LG3·2LG2C_ac 8.5 2.10 0.33 (1.0 ± 0.3) × 102

a Only the data on the most protected proton is included. b These values are based on the half-life of an unprotected proton at 20 ◦C at pD 5.02 to be
3.18 × 10−3 h.

show promising native-like properties, and therefore serve as useful
precursors for future designs. The hetero-TASPs of the remaining
two families displayed well-defined secondary structures and were
highly stable towards chemical denaturation, although they did
not exhibit such highly native-like structures (less well-resolved
signals in the 1H NMR spectra) as those caviteins in the LG3/LG2
family.

These three series of hetero-TASP prototypes represent the
establishment of an enhanced versatility that is now available
for de novo design. An ideal linker between the peptide and
cavitand has been shown to be key to the native-like properties of
homo-caviteins.14a,14d The next step for hetero-TASPs is to refine
the linkers and peptide sequences in order to develop native-like
structure that surpasses that of homo-TASPs.

With a better understanding of the elements influencing the
secondary and tertiary structures of our systems, it would be
interesting to explore caviteins with specific applications. For
example, one could model a specific native four-helix bundle,
typically made up of non-identical helices, using the hetero-TASP
approach. Other research groups have introduced functionality
into their protein models by creating de novo protein ion-
channels,44 proteins binding cofactors,45 peptide receptors,46 and
catalysts to name a few.47 These examples of de novo proteins
designed with specific functions, combined with our ability to now
create hetero-TASPs, may lead us to new caviteins that manifest
well-defined functions.

Experimental

Cavitand Synthesis

The synthesis of the arylthiol cavitand was synthesized following
literature procedures.11a

General

All reagents for the peptide and cavitein syntheses were reagent
grade. The peptides and caviteins were purified by preparative
reversed-phase HPLC using a Perkin–Elmer Biocompatible Pump

250 with a PE LC90 BIO spectrophotometric UV detector and a
KIPP and ZONEN chart recorder. A Phenomenex Selectosil C18

reversed-phase HPLC column (preparative: 250 mm × 10 mm,
10 lM particle size, 300 Å pore size) was used. The wavelength
for the UV detection was set at 229 nm for recognition of the
amide chromophore. The samples were filtered through a 0.45 lM
NylonTM syringe filter (Phenomenex) prior to injection and run
at a flow rate of 10 mL min−1 using helium-sparged filtered water
(0.1% TFA)–HPLC-grade acetonitrile (0.05% TFA) gradient. The
purity of the peptides and caviteins were analyzed by analytical
reversed-phase HPLC and were filtered prior to injection onto
a Varian 9010 pump with a Varian 9050 UV detector and a
Varian 4290 integrator. A Phenomenex Selectosil C18 reversed-
phase HPLC column (analytical: 250 mm × 4.5 mm, 5 lM particle
size, 100 Å pore size) was used. Analytical samples were run at
a flow rate of 1 mL min−1 using the same solvents as for the
preparative purification. The purified samples were evaporated
in vacuo and lyophilized. The mass spectra were run on a MALDI-
MS Bruker Biflex IV in reflection mode using 50 lM cinnamic
acid, in 1 : 1 H2O–MeCN, as a matrix. Cavitein concentrations
were determined using a Bradford assay48 measured on a CARY
UV-visible spectrophotometer. The pH values of the buffers were
determined using a Fisher Scientific Accumet pH-meter 915
calibrated with two purchased buffer standards (pH = 4.0 and
10.0).

Peptide synthesis. The peptides were synthesized following
to a large extent literature procedures, with peptides 1 and 2
having previously been synthesized.14a The synthesis of peptide
1 (lg3) is described below, and similar procedures were fol-
lowed for the synthesis of peptides 2 (lg2), and 3 (ag3). The
peptide synthesis involved using standard Fmoc techniques on
an automated Applied Biosystems peptide synthesizer attached
to an Apple IIsi MacIntosh computer. All Fmoc protected
amino acids, solvents and coupling reagents were purchased
from Advanced Chemtech (Louisville, KY, USA). The peptides
were synthesized on a 0.25 mmol scale using the FastMocTM

protocols. Side-chain-protected amino acids were used for
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Table 9 % yields and MALDI-MS characterization of the “activated”
peptides (note, calculated masses agreed within 1 Da).

Peptide % yield Mass/Da

lg3 82 1916
lg2 85 1860
ag3 87 1706
lg2c 19 2037

chemoselective synthesis of the peptide, which was in turn bound
by its C-terminus to a resin developed by Rink49 to afford a
C-terminal amide upon cleavage. A single amino acid coupling
cycle included a: (i) 13 min Fmoc deprotection using piperi-
dine, (ii) 6 min wash step using N-methylpyrrolidone (NMP),
(iii) 30 min coupling step to 1.0 mmol of the next Fmoc amino
acid using 2-(1H-benzotriazole)1,1,3,3-tetramethyluronium hex-
afluorophosphate (HBTU) and 1-hydroxybenzotriazole (HOBt)
as coupling reagent (note activation of the amino acid started
with DIPEA), and lastly (iv) 6 min wash with NMP. NMP was
the solvent throughout the synthesis with each cycle having an
approximate time of 55 minutes.

Thereafter, chloroacetylation of the free N-terminus was
achieved through manual treatment of the resin (600 mg peptide
resin, ∼300 mg peptide 1, ∼0.160 mmol) with chloroacetyl
chloride (75 lL, 0.96 mmol, 6 equiv.) and DIPEA (165 lL,
0.95 mmol, 6 equiv.) in DMF for 1 hour at room temperature under
nitrogen. The last step included cleavage of the peptides from the
resin in addition to removing the side-chain protecting groups
simultaneously using a 2 hour treatment with 95% TFA–H2O. An
ice bath was used for the first 10 minutes of the reaction. After
completion, the resin was removed by suction filtration through a
medium frit filter with a CH2Cl2 wash. The TFA–CH2Cl2 filtrate
was evaporated to a few mL in vacuo and the crude peptide was
precipitated using ice-cold diethyl ether. The peptide was recovered
by suction filtration using a fine frit filter. The peptide was then
dissolved in distilled water, filtered, and purified by reversed-phase
HPLC. The peptide was lyophilized until a fluffy white solid
peptide was obtained (105 mg, 23%). MALDI-MS and yields of
the peptides are given in Table 9.

Slight modifications to the above procedure were used for the
preparation peptide 4 (lg2c) and the details for this synthesis can
be found in the supporting information†.

Cavitein synthesis

Caviteins 5–8 were synthesized by following literature
procedures.11a,14a The synthesis of cavitein 5 is described below,
and similar procedures were followed for the synthesis of caviteins
6, 7 and 8. A solution of the arylthiol cavitand (1.1 mg, 1.4 lmol,
1 equiv.) and peptide 1 (21 mg, 11.3 lmol, 8 equiv.) were stirring
in degassed DMF under N2. DIPEA (2.5 lL, 15 lmol, 10 equiv.)
was added in excess until the solution turned cloudy. The reaction
was monitored (appearance of the cavitein peak) by analytical
reversed-phase HPLC and was complete after 4 hours. The crude
reaction mixture was evaporated in vacuo, dissolved in water,
filtered, and purified by reversed-phase HPLC to yield cavitein
5 as a fluffy white solid (5.5 mg, 49%) after lyophilization. The
additional unwanted tris-cavitein byproduct was separated and
removed during purification.

The synthesis of hetero-TASP 9 entailed mixing a solution of
the cavitand (5 mg, 6.9 lmol, 1 equiv.) with lg3 peptide (33.3 mg,
17.4 lmol, 2.5 equiv.) in degassed DMF (5 mL) under N2. DIPEA
(100 lL) was then added in excess and the reaction was left to
stir for 4 hours. The crude reaction mixture was then evaporated
in vacuo and purified by reversed-phase HPLC to isolate the
mono-, di- (a,b and a,c), tri-, and tetrasubstituted caviteins
(see ESI† for identification). The lg3 a,b disubstituted cavitein
intermediate (2 mg, 0.4 lmol, 1 equiv.) and excess peptide lg2
(15 mg, 8.0 lmol, 20 equiv.) were dissolved in degassed DMF and
stirring under N2. DIPEA (50 lmol) was added in excess. The
reaction was left to stir for 4 h. The crude reaction mixture was
evaporated in vacuo and dissolved into distilled H2O. It was filtered
using a 45 lm nylon filter, and purified by reversed-phase HPLC
to yield hetero-TASP 9 (3 mg, 83%). The mass was confirmed
by MALDI-MS and determined to be >95% pure by analytical
reversed-phase HPLC. Similar procedures were followed for the
syntheses of the other hetero-TASPs. The caviteins and hetero-
TASPs were characterized using MALDI-MS and the masses are
outlined in Table 10.

Circular dichroism (CD) spectroscopy

All CD spectra were recorded on a JASCO J-710 spectropolarime-
ter. The J-710 had a circulating water bath set to 25 ◦C, a 400
W xenon lamp, and an IBM-compatible PC computer for data
acquisition. Some of the parameter settings include: 0.1 nm step
resolution, 2 nm bandwidth, and 50 nm min−1 scanning speed. The
J-710 spectropolarimeter was calibrated routinely using d10-(+)-
camphorsulfonic acid.50 Each spectrum was an average of three
scans subtracted from a reference background scan. Individual
samples were run three different times to ensure reproducibility.
The caviteins were monitored at 4 lM and 40 lM in 50 mM sodium
phosphate buffer (pH = 7.02) to check for concentration effects
in a 1 cm and a 1 mm quartz cuvette, respectively.

The raw spectra were normalized to a mean residue ellipticity
[h] at 222 nm using the following equation:

[h]222 = hobs/(10lcn),

where hobs is the observed ellipticity measured in millidegrees, l is
the path length in cm, c is the cavitein concentration in mol L−1,
and n is the number of residues in the cavitein. Errors were on
average ± 5%.

Table 10 % yields and MALDI-MS characterization of the caviteins
made from “activated” peptides (note, calculated masses agreed within
1 Da).

Cavitein % yield MALDI mass/Da

LG3 34 8240
LG2 29 8016
AG3 45 7400
LG2C 32 8424
2LG3·2LG2_ab 83 8128
2LG3·2LG2_ac 81 8128
3LG3·1AG3 78 8030
2LG3·2AG3_ab 75 7820
2LG3·2AG3_ac 77 7820
1LG3·3AG3 83 7610
2LG3·2LG2C_ab 65 8332
2LG3·2LG2C_ac 57 8332
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Guanidine hydrochloride (GuHCl) denaturation experiments
were performed between 0 and 8.0 M GuHCl in a 50 mM sodium
phosphate buffered (pH = 7.0) cavitein solution. Data points were
collected at 1 molar units between 0 and 8.0 M to generate a
rough unfolding curve. 0.25 interval denaturation studies were
then completed to achieve accuracy in the unfolding region,
and repeated three times to ensure reproducibility. Likewise,
cavitein samples were monitored for unfolding at 4 lM and
40 lM to study concentration effects in a 1 mm and a 1 cm
quartz cuvette, respectively. Samples were prepared immediately
before data acquisition and equilibrated for 10 min (previously
determined that any effect of GuHCl is immediate). The mean
residue ellipticity was again monitored at [h] = 222 nm.

Protein unfolding was analyzed using the linear extrapolation
method of Santoro and Bolen.33 According to this method,
unfolding is a reversible, two-state process and that the free energy
of folding is a linear function of the GuHCl concentration. The
GuHCl denaturation data were fit using a nonlinear least-squares
analysis to fit the pre-transitional baseline using the following
equation:

hobs = hN(f N)(1-a[GuHCl]) + hU(1 − f N),

where hobs is the mean residue ellipticity at 222 nm at a certain
concentration of GuHCl, hN is the mean residue ellipticity of the
folded state in the absence of GuHCl, hU is the mean residue
ellipticity of the unfolded state, a is a constant and f N is the fraction
of the protein in the folded state. f N is related to the free energy of
unfolding, DG0

H2O, by the following equation:

fN = e((DG0
H2 O

−m[GuHCl])/RT)
/[1 + e((DG0

H2 O
−m[GuHCl])/RT)],

where DG0

H2O is the free energy of unfolding in the absence
of GuHCl, m is the free energy change with respect to the
concentration of GuHCl, R is the universal gas constant, and T
is the temperature. A MacIntosh compatible computer program,
KaleidaGraph V. 3.08d was used to calculate the values for DG0

H2O

by a nonlinear least-squares regression analysis. The value of hN

was normalized to one. The software analysis program calculated
the reported errors.

Analytical ultracentrifugation (AUC)

Sedimentation equilibrium studies were carried out on a
temperature-controlled Beckman Coulter OptimaTM XL-I analyt-
ical ultracentrifuge. Sedimentation equilibrium experiments were
run using either an An60 Ti rotor, or an An50 Ti rotor (4 sample
holders and 8 sample holders, respectively) and a UV photoelectric
scanner. A six-sector cell, equipped with a 12 mm Epon centerpiece
and quartz windows, was loaded with 3 × 120 lL of sample at 3
different concentrations made up in 50 mM sodium phosphate
buffer at pH = 7.0, and 3 × 130 lL of reference solvent. Data
were collected at 20 ◦C and at rotor speeds of 27 000, 35 000,
and 40 000 rpm until equilibrium was established. Samples were
equilibrated for 40 hours and single scans 3 hours apart were
overlaid to determine that equilibrium had been reached. Scanning
parameters included: radial step size of 0.001 cm, step mode, 10
replicate scans, radial scan range between 5.8 cm and 7.3 cm,
and UV detection at 270 nm. The solution density of the samples
in sodium phosphate buffer was taken to be 1.000 g mL−1. The

partial specific volumes of the caviteins were calculated based on
their amino acid compositions.51

The sedimentation equilibrium data was analyzed on a PC
compatible software program called NONLIN.37 This program
uses a nonlinear least-squares analysis in order to generate a
reduced molecular weight, r, from which the actual experimental
molecular weight, Mw, can be calculated. Nine sets of data (3
different concentrations at the 3 different rotor speeds) per cavitein
were analyzed at a time. The data were initially fit to a single non-
associating ideal species model using the Lamm52 equation below:

Ar = exp[ln(Ao) + Mwx2(1 − m̄q/RT) (r2 − ro
2)] + E,

where Ar is the absorbance at radius r, Ao is the absorbance at
a reference radius ro (the meniscus), Mw is the molecular weight
in g mol−1, x is the angular velocity of the rotor in rad s−1, m̄ is the
partial specific volume of the peptide, q is the density of the solvent
in g mL−1, R is the universal gas constant, T is the temperature in
K, and E is the baseline correction factor or baseline offset. For
the NONLIN fitting details see the ESI†.

1H NMR spectroscopy

The 1D 1H NMR spectra were run at 20 ◦C on a 500 MHz
Varian Unity instrument, and the samples were dissolved in 45 mM
sodium phosphate buffer at pH = 7.0 (90 : 10, H2O–D2O) to a final
concentration of approximately 1.5 mM. Spectra were processed
using a PC “Windows XP” compatible NMR processing program,
MestRe-C 2.3.

The 1D 1H NMR N–H/D exchange spectra were run at
20 ◦C, and the samples were prepared as follows: ∼1.5 mM
cavitein solutions in a 50 mM acetic acid–acetate buffer at pH =
4.62 were lyophilized to a white solid. D2O was then added
to the lyophilized samples in the NMR room to the previous
volume before lyophilization of 0.5 mL. The resulting sample in a
deuterated acetic acid–acetate buffer at pD = 5.02 was transferred
quickly to an NMR tube. The pH was re-checked after the
exchange experiments were completed to ensure a correct reading
of pD = 5.02, since pH has a dramatic effect on exchange rates.
The pD was corrected for isotope effects using the equation:53

pD = pHread + 0.4,

where pHread is the reading of the pH electrode. The first scan
was acquired 5 minutes after the addition of D2O and subsequent
scans were collected at various time intervals until all of the amide
protons had completed exchanged with deuterium. The spectra
were analyzed using the same processing program mentioned
above. The peak heights were integrated and normalized with
the non-exchangeable cavitand proton (Hout) at ∼6.1 ppm. The
first-order rate constants were calculated using the first-order rate
equation:

ln([H0]/[Ht]) = kobst,

where kobs is the first-order rate constant, t is the time at which
the scan was taken, [H0] is the integration of the proton at time
zero, and [Ht] is the integration of the same proton at time t. The
half-lives, t1/2, of the amide protons were then calculated using the
equation:

t1/2 = ln(2/kobs).
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Protection factors were then calculated using the equation:

P = kint/kobs.

Where P is the protection factor, kobs is the experimental first-
order rate constant, and kint is the first-order rate constant for an
“unprotected” amide proton at pH = 4.62 at 20 ◦C. kint can be
calculated from the intrinsic half-life, t1/2-int, which is determined
using the following equation:41a

t1/2-int = 200/[10(pH − 3) + 10(3 − pH)][100.05T ].

Where t1/2-int is the intrinsic half-life for an unprotected proton,
and T is the temperature in ◦C. Errors represent one standard
deviation from three rate constant estimates.

ANS binding

ANS fluorescence measurements were made on a Varian CARY
Eclipse fluorescence spectrophotometer equipped with a Xenon
Arc lamp. Samples were run at 20 ◦C using a 1 cm path length
with concentrations of 50 lM and 100 lM, and contained 2 lM
ANS, respectively, in 50 mM sodium phosphate buffer at pH =
7.02. Reference emission spectra were collected for 95% ethanol
and 100% HPLC-grade methanol with 2 lM ANS. Excitation was
at 370 nm and emission was recorded between 385 and 600 nm.
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