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Optimal Attachment Position and Linker Length Promote Native-like
Character of Cavitand-Based Template-Assembled Synthetic Proteins
(TASPs)
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Introduction

The protein-folding problem, which is the prediction of terti-
ary structure from primary amino acid sequence, has been
an ongoing challenge to solve. An approach to studying pro-
tein folding is to employ de novo design, which involves the
engineering of a protein from scratch.[1,2] Although smaller
than their natural counterparts, de novo proteins contain

much of the same elements involved in folding, and thus can
be used as simpler models to study protein structure. A par-
ticularly useful type of de novo design is template-assem-
bled synthetic proteins (TASPs).[2] The template can simplify
a structure by reducing the number of loops and turns, and
it can also aid in increasing the helicity and stability of the
overall protein with respect to non-linked peptides.[2c,3] A
challenge associated with examination of protein structures
is to distinguish the features responsible for dictating a well-
packed, native-like protein as opposed to a molten-globule
structure, which lacks the specific tertiary interactions be-
tween the side chains. Four-helix bundles that contain the
same non-polar residues in the hydrophobic core tend to
display molten-globule characteristics;[4] increasing the di-
versity of the hydrophobic core of the bundle has been
found to increase the native-like properties.[5] Although re-
placing the non-polar residues with polar residues can desta-
bilise the overall structure, the charged residues can be es-
sential to the formation of native protein structures.[6] On
the other hand, binary-patterned libraries, which constrain
the positions of the polar and non-polar residues but vary
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the identity of the side chains, have also produced well-or-
dered structures.[7,8] Furthermore, the length of the loops
connecting helices in coiled coil[9] and bundle[10] structures,
or the linker length between the template and the peptides
(in the case of TASPs)[11] were found to have profound ef-
fects on the stability and properties of the proteins. Howev-
er, these findings have not been studied in detail. Previously,
our group used a cavitand template[12] to study the effect of
the linker length. This earlier study consisted of a series of
four-helix bundles called caviteins (cavitand template +

proteins)[13] that differed in the number of glycine linkers
between the template and the peptides (see Scheme 1). The

first-generation peptides with the sequence S1 (i.e.,
EELLKKLEELLKKG, which was designed to link the hy-
drophilic/hydrophobic interface) were synthesised with 0–3
Gly units and linked onto the cavitand template.[14] This
study showed that the linker length had a significant effect
on the tertiary and quaternary structure of the proteins.[14]

The cavitand template was effective in inducing native-like
properties in the protein bundles, even with a peptide se-
quence containing an all Leu core.[14] From the first-genera-
tion series, 2 to 3 Gly residues were required in the linker
region to generate a well-defined cavitein. Here, the effect
of the linker length is further investigated by examining a
different linkage point of the peptides to the cavitand. This
second-generation peptide sequence, S2 (i.e., AEELLK-
KLEELLKG), was designed so that the attachment point
begins closer to the hydrophobic face of the helix. The goals
are to study the factors that affect the native-like character
of these de novo proteins and to determine if initiating the
linkage closer to the hydrophobic face would improve the
packing, and consequently result in proteins with improved
native-like character. In addition, by examining and compar-
ing the first- and second-generation series, we attempt to
better understand the four-helix bundle systems.

Results and Discussion

Design : The second-generation peptide sequence was based
on the first-generation sequence with the addition of an ala-

nine residue at the N terminus to give sequence S2,
AEELLKKLEELLKKG. This sequence was intended to
place the linker at the hydrophobic region of the helix,
whereas the first-generation presumably linked at the inter-
face of the hydrophobic and hydrophilic faces as illustrated
in Figure 1. The peptide sequence for both generations was
designed based on the minimalist approach,[15] in which the
only non-polar residues are Leu (excluding Ala) and the
only polar residues are Glu and Lys; 0–4 Gly linkers are
also added onto the N terminus and a Gly residue is used to
cap the C terminus.[16] The negatively charged Glu residues
and positively charged Lys residues are placed three to four

residues apart for optimal in-
trahelical salt-bridge forma-
tion. The C terminus was ami-
dated in order to minimise
charge–charge repulsion be-
tween the helices and to
reduce the macrodipole
effect.[13]

The template used by our
group is a cavitand—a rigid
macrocycle with an enforced
cavity.[17] A cavitand can be
synthesised with a variety of
functional groups at the “rim”
and “foot” positions.[18] Specifi-

cally, the arylthiol-rimmed cavitand template with methyl
“feet” was employed here.[13] The rim positions are spaced
approximately 7 K apart, and are within the range of natural
interhelical distances, which are between 7 to 14 K.[19] Fur-
thermore, a cavitand template can regulate the number of
helices in a bundle as determined by the number of func-
tional groups, and can control the orientation of the helices
in a parallel arrangement.

Scheme 1. Cavitein synthesis.

Figure 1. Helix-wheel diagram showing putative first- and second-genera-
tion linkage points.
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Synthesis : The peptides were generated by using standard
solid-phase peptide synthesis. For peptides 1–5, the N termi-
ni of the corresponding peptide resins underwent reaction
with chloroacetyl chloride, while the reactive side groups
and C termini remained protected. For the reference pep-
tide 6, the free N terminus of the peptide resin underwent
reaction with acetic anhydride. Peptide 6 remains unlinked
to the cavitand. The peptide resins were treated with 95%
trifluoroacetic acid (TFA) in order to cleave the resin from
the peptides and to remove the protecting groups from the
side chains. Table 1 lists the peptides employed in this study.

Each activated peptide was reacted with the cavitand tem-
plate[17] in the presence of dimethylformamide (DMF) and
N,N’-diisopropylethylamine (DIPEA) to afford the corre-
sponding caviteins: 1GS2, 2GS2, 3GS2 and 4GS2 (see
Scheme 2). Peptide 5, with no Gly units at the N terminus,
linked onto the cavitand to form the four-helix bundle cavi-
tein; however, the cavitein could not be obtained in pure
form and thus was not used in this study.

Characterisation : The structure and properties of the cavi-
teins in the second-generation series were analysed by using
circular dichroism (CD) spectroscopy, chemical denaturation
data, sedimentation equilibria studies, 1D and 2D 1H NMR
spectroscopy, N-H/D exchange experiments, hydrophobic-
dye binding studies together with fluorescence and molecu-
lar dynamics simulations.

Far-UV/CD spectra : All the caviteins possess CD spectra
characteristic of a-helices, which include minima at 222 and
208 nm and a maximum at 195 nm (see Figure 2). The a-hel-
ical content was not calculated for the caviteins, as aromatic

chromophores (in this case, the cavitand template) are
known to affect the mean residue ellipticity at 222 nm.[20]

The CD spectra were run at high (40 mm) and low (4 mm)
sample concentrations for each cavitein. The caviteins dem-
onstrated concentration independent curves (suggesting
single species—vide infra), and therefore only the high-con-
centration data are shown.

Near-UV/CD spectra : The far-UV/CD spectra give informa-
tion on the secondary structure of the proteins. The near-
UV region of the CD spectra, however, can yield informa-
tion about the tertiary structure of the protein if a chromo-
phore is present—again, in this case the cavitand tem-
plate.[21] An aromatic absorption in the near-UV region can
be observed in the presence of non-averaged structural ele-
ments. Molten-globule structures typically show an absence
or reduction of signals in the near-UV region because of
their time-averaged fluctuations. In contrast, native-like
structures display more intense absorptions in this region
due to their specific interhelical packing. Figure 3 shows the
near-UV/CD spectra of the second-generation caviteins. The
1GS2 and 4GS2 caviteins show the most reduced signals in
the near-UV region, which indicates the presence of aver-
aged structural elements near the cavitand. The linker in the
1GS2 cavitein may be too short to allow specific side-chain
interactions, thereby giving rise to a structure with molten-
globule character. The longer linker in the 4GS2 cavitein
may render the structure too flexible, also resulting in a
molten-globule structure. It is important to note that the
near-UV/CD data depends on the distance between the heli-
ces and the cavitand chromophore, and therefore this data
may only be useful for the species with the shorter linkers
(i.e. caviteins with one or two Gly linkers). The 2GS2 cavi-
tein shows the most enhanced signal in the near-UV region
of the CD spectra relative to all the caviteins in both the
first-[14] and second-generation series, suggesting it is less dy-
namic and is packed more efficiently near the cavitand chro-
mophore.

Table 1. List of peptides used in the synthesis of the caviteins ([peptide]
refers to the sequence: AEELLKKLEELLKKG).

Peptide Sequence

1 ClCH2CO-NH-[Gly] ACHTUNGTRENNUNG[peptide]-CONH2

2 ClCH2CO-NH-[GlyGly] ACHTUNGTRENNUNG[peptide]-CONH2

3 ClCH2CO-NH-[GlyGlyGly] ACHTUNGTRENNUNG[peptide]-CONH2

4 ClCH2CO-NH-[GlyGlyGlyGly] ACHTUNGTRENNUNG[peptide]-CONH2

5 ClCH2CO-NH-[peptide]-CONH2

6 CH3CO-NH-[peptide]-CONH2

Scheme 2. Synthesis of the second-generation caviteins.

Figure 2. CD spectra of 40 mm cavitein samples in 50 mm phosphate
buffer, pH 7.0 at 25 8C.
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Effect of guanidine hydrochloride : The stabilities of the cavi-
teins were assessed by using the denaturant guanidine hy-
drochloride (GuHCl).[22] Figure 4 shows the denaturation
curves of the caviteins and the non-templated control pep-
tide 6. GuHCl easily denatured peptide 6, but barely dena-
tured the four-helix bundle caviteins.

It is apparent that the caviteins with varying linker lengths
possess different stabilities. A crude way to assess the stabil-
ities of the proteins is to visually observe the concentration
of GuHCl required to unfold half the protein, [GuHCl]1/2. A
more accurate method for determining the stabilities is to
calculate the free energies of folding using linear extrapola-
tion methods.[23] Table 2 presents the GuHCl-induced dena-
turation data for the caviteins. The resulting free energies in
Table 2 assumes that the unfolding transition is a reversible,
two-state process, and that the free energy of unfolding
varies linearly with the concentration of the denaturant (see
Experimental Section). The m values in Table 2 correspond

to the observed free energy of folding as a function of the
[GuHCl], and are comparable to those of natural pro-
teins.[24] High m values have been associated with coopera-
tivity, and high cooperativity has been related to native-like
character.[25] The 1GS2 and 4GS2 caviteins were found to be
the least stable toward the denaturant, indicating that the
optimal linker lies somewhere in between these two linker
lengths. The 2GS2 cavitein was found to be the most stable
species and it has the largest m value of the second genera-
tion series, which suggests that it is the most native-like. It
also has a more negative DGo

H2O
value and a larger m value

relative to the monomeric caviteins (i.e. , 2 and 3 Gly var-
iants) of the first-generation series.[14] The calculations for
the free energy of folding should be interpreted with some
caution, because there is no proof for assuming that the un-
folding varies linearly with denaturant concentration. At
high concentrations, this assumption may fail and introduce
errors. Furthermore, errors substantially increase as the
length of extrapolation is expanded. In other words, larger
errors are incorporated when the denaturation midpoint is
higher.[23] All the caviteins demonstrated concentration-in-
dependent curves, which indicates that these proteins exist
as monomers, at least at the point of denaturation. The pres-
ence of GuHCl may have disrupted self-aggregation, should
any exist. Therefore, sedimentation equilibria studies, in the
absence of the denaturant, were carried out in order to de-
termine the oligomeric state of the caviteins in buffer alone.

Oligomeric state : Sedimentation equilibria studies were per-
formed by using an analytical ultracentrifuge to determine
the molecular weight of the various caviteins in solution.
Three different concentrations and three different rotor
speeds were employed for each protein. From the experi-
ments, the 1GS2 exists in a monomer-dimer equilibrium, the
3GS2 cavitein is predominantly dimeric, and the 2GS2 and
4GS2 caviteins exist as monomers. One Gly may be causing
strain within the packing, thereby exposing the hydrophobic
core and resulting in a monomer–dimer equilibrium. The
two-Gly linker is the optimal length to obtain a monomeric
species. The 4GS2 cavitein also exists as a monomer, which
shows that the linker allows sufficient flexibility to prevent
self-association, although its native-like character and stabil-
ity could be sacrificed. The 3GS2 cavitein exists as a dimer,
but this is interpreted with caution, since it behaves anoma-
lously (see 1H NMR spectroscopy and N-H/D exchange sec-
tions).

1H NMR spectra : Generally, 1H NMR spectroscopy can be
used to determine the extent of a proteinMs native-like char-

Figure 3. Near-UV/CD spectra of the caviteins. Samples are 40 mm in
pH 7.0, 50 mm phosphate buffer at 25 8C.

Figure 4. GuHCl-induced denaturation curve of the caviteins. The high
40 mm and low 4 mm concentration samples gave overlapping curves, and
therefore only the data for the high concentration sample is shown. Error
bars are �5%, but omitted for clarity and explained in the Experimental
Section.

Table 2. GuHCl-induced denaturation data.

Cavitein ACHTUNGTRENNUNG[GuHCl]1/2
[m]

m
[kcalmol�1

m
�1]

DGo
H2O

[kcalmol�1]

1GS2 5.4�0.1 �1.4�0.1 �8.3�0.3
2GS2 6.9�0.1 �2.1�0.1 �14.1�0.7
3GS2 5.3�0.1 �1.8�0.1 �10.6�0.3
4GS2 4.9�0.1 �1.5�0.1 �7.9�0.3
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acter. Analysis of 1H NMR linewidths and chemical-shift
dispersion can be used to determine conformational hetero-
geneity. Sharp, well-dispersed signals are indicative of a
native-like protein,[26] and broad, less-dispersed peaks are in-
dicative of a molten-globule structure.[27] Figure 5 shows the

expanded amide region of the caviteins studied here. The
2GS2 cavitein contains the sharpest and most well-dispersed
signals, which indicates the presence of a well-organised hy-
drogen-bond network of the amide protons. In addition, the
cavitand signal at around d=6.1 ppm, which corresponds to
Hout (see Scheme 2) appears as a doublet for the 2GS2 cavi-
tein, whereas it appears as a broad singlet for the rest of the
caviteins. The Hout signal should be a doublet because it is J-
coupled to the Hin proton. Since the 2GS2 cavitein is the
only species that yields a resolved doublet, it is likely that
the packing within the core of this protein is the most effi-
cient, and hence the most native-like. The 1GS2 and 4GS2
caviteins show broad, less-dispersed signals, indicating a lack
of conformational specificity, consistent with the other ex-
perimental data. The shorter linker in the 1GS2 cavitein
may distort the helices by restricting them near the cavitand
template. The long linkers of 4GS2 may evade aggregation,
but excess flexibility compromises its native-like structure.
The 3GS2 cavitein was not analysed further because its
1H NMR spectrum changes over time in solution. Depend-
ing on when the measurements were taken after sample
preparation for the 3GS2 cavitein, certain signals decreased
and additional signals appeared (more explanation in the N-
H/D exchange section). Next, Figure 6 shows the aliphatic
region of the spectra. Again, the 1GS2 and 4GS2 caviteins
show the least dispersed signals, and the 2GS2 cavitein dis-
plays the sharpest, most dispersed signals in its spectrum,
particularly around d=0.8 ppm, which represents the d

methyl protons of the Leu residues in the hydrophobic core.

2D 1H NMR spectra : 2D 1H NMR spectroscopy is a useful
tool for investigating the tertiary structure of proteins[28] and

assigning proton resonances.[29] Here, 2D correlation spec-
troscopy (COSY), total correlation spectroscopy (TOCSY)
and nuclear Overhauser enhancement spectroscopY
(NOESY) were used to assign the proton signals in the
amide region. The 2D 1H NMR spectra are included in the
Supporting Information. Figure 7 shows the assigned 1D

1H NMR spectrum of the 1GS2 cavitein and Figure 8 shows
the assigned 1D 1H NMR spectrum of the 2GS2 cavitein.
The resonances were not assigned for the 3GS2 and 4GS2
caviteins owing to the time-dependent behaviour and poor
dispersion of the signals, respectively. This study reports the
first resonance assignments of the cavitein systems.

N-H/D exchange experiments : Hydrogen/deuterium ex-
change experiments have been used to assess the dynamic
behaviour of proteins.[30,31] The experiments are performed
and evaluated on the basis that well-defined, native-like pro-
teins have more protected amide protons than molten glob-
ules. The extent of solvent accessibility is expressed as a pro-
tection factor (P), which is dependent on temperature and
pH. Typically backbone amide protons of native-like pro-
teins have protection factors that range from 104 to 108,[32]

Figure 5. Expanded amide regions of the 1H NMR spectra of the cavi-
teins in pH 7.0, 50 mm phosphate buffer with 10% D2O at 25 8C and
600 MHz.

Figure 6. Expanded aliphatic regions of the 1H NMR spectra of the cavi-
teins in pH 7.0, 50 mm phosphate buffer with 10% D2O at 25 8C and
600 MHz.

Figure 7. 500 MHz 1D 1H NMR spectrum of the 1GS2 cavitein in 50 mm

acetate buffer, pH 4.62, with 10% D2O at 20 8C, expanded in the amide
region. Signals are labelled based on the resonance assignments from the
2D NMR spectra (see Supporting Information).
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whereas molten-globule structures have protection factors
that range from 10 to 103.[33] The exchange rates of the cavi-
teins were studied at 20 8C, pD 5.02. Table 3 presents the

first-order exchange rates and protection factors from the
N-H/D exchange data, which is based on the amide-proton
signal that remained the longest. From the 2D NMR reso-
nance assignments, it was determined that the last amide
proton to disappear from both the 1GS2 and 2GS2 caviteins
was the central non-polar residue of the sequence (i.e., L9
for the 1GS2 cavitein and L10 for the 2GS2 cavitein). Over-
all, the 2GS2 cavitein displays the highest protection factor,
consistent with a native-like protein. Figure 9 shows the 1D
1H NMR stack plot of the 2GS2 cavitein during N-H/D ex-
change.

For the 3GS2 cavitein, the cavitand signals decreased over
time, which should have stayed constant, and new signals
appeared around the cavitand signals (see Supporting Infor-
mation). The 1GS2 and 4GS2 caviteins possess protection
factors that are characteristic of molten-globule structures.
Compared to the monomeric caviteins in the first-generation
series,[34] the 2GS2 cavitein has a protection factor that is
tenfold higher than the rest. The cavitand signals that were
used to normalise the amide-proton signals remained con-
stant for the rest of the proteins except for the 3GS2 cavi-
tein, and thus, protection factors could not be calculated for
this species.

The longest lasting amide proton (i.e., the middle non-
polar residue) appears to play an important role in main-
taining the overall protein structure. Work has been carried
out to study the context dependence of the non-polar resi-
dues in the four-helix caviteins, which also revealed that the
central non-polar residue is the most important position in
maintaining a stable, well-defined cavitein.[35]

ANS binding studies : 1-Anilinonaphthalene-8-sulfonate
(ANS) is a hydrophobic dye that is used to detect the pres-
ence of molten-globule proteins.[36] ANS preferentially binds
to the molten-globule states due to their fluctuating struc-
tures. Thus, ANS binding studies have been used to deter-
mine the extent of native-like character here.[7] Figure 10
displays the fluorescence emission spectra of ANS in the
presence of the second-generation caviteins. The caviteins
only weakly bind ANS; however, this does not necessarily
indicate the absence of molten-globule structures as seen
from the near-UV/CD and 1H NMR spectra. In general, the
1GS2 cavitein consistently bound the most ANS and the
2GS2 cavitein bound the least amount of ANS; these results
agree with the near-UV/CD spectra, sedimentation equili-

Figure 8. 500 MHz 1D 1H NMR spectrum of the 2GS2 cavitein in 50 mm

acetate buffer, pH 4.62, with 10% D2O at 20 8C, expanded in the amide
region. Signals are labelled based on the resonance assignments from the
2D NMR spectra.

Table 3. N-H/D exchange data of the caviteins in 50 mm deuterated ace-
tate buffer, pD 5.02 at 20 8C. Exchange data could not be determined for
the 3GS2 cavitein, since the cavitand signal of this species changed over
time.

Cavitein First-order
exchange rate [h�1]

Half-life [h] Protection factor

1GS2 1.4�0.4 0.50�0.08 1.6�0.2
2GS2 ACHTUNGTRENNUNG(4�1)P10�3 1.9�0.7P10�2

ACHTUNGTRENNUNG(6�1)P104

3GS2 N/A N/A N/A
4GS2 3.5�0.8 0.20�0.04 ACHTUNGTRENNUNG(6.0�0.8)P101

Figure 9. Stack plot of 500 MHz 1D 1H NMR spectra of the 2GS2 cavi-
tein in 50 mm deuterated acetate buffer, pD 5.02 at 20 8C. The * repre-
sents the non-exchangeable cavitand signals.

Figure 10. Fluorescence emission spectra of 2 mm ANS in the presence of
100% methanol, 95% ethanol and 50 mm of each cavitein: 1GS2, 2GS2,
3GS2 and 4GS2 in 50 mm phosphate buffer, pH 7.0 at 25 8C. Error bars
are �5%, but omitted for clarity and explained in the Experimental Sec-
tion.
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bria data and 1H NMR spectra. The non-linked reference
peptide 6 did not bind any ANS regardless of sample con-
centration. The fluorescence intensity remained on the base-
line throughout the scan (not shown).

Computer modelling : The second-generation caviteins were
studied by molecular dynamics (MD) simulations. The meth-
ods used here were described previously for the study of the
first-generation cavitein series by MD stimulations.[37] Three
sets of simulations were performed for up to 20 ns in order
to minimise bias toward the starting configuration. Rama-
chandran plots were generated and the secondary structure
was analysed. All four of the caviteins in the second-genera-
tion series were found to be a-helical, which agrees with the
CD spectra. The conformational specificity was character-
ised in terms of the structural spread encountered during
the course of the simulation.[37] A representative cluster ob-
tained for the 2GS2 cavitein is shown in Figure 11. The

image was generated using the Chimera program.[38] The
helices of the 2GS2 cavitein are tilted with respect to the
cavitand template, which may explain some of its distinctive
properties observed experimentally. For example, the 2GS2
exists as a stable monomer (by GuHCl-induced denatura-
tion studies and sedimentation equilibria studies), because
the tilt of the helices could increase the burial of the non-
polar residues. The tilt may also facilitate improved packing
between the helices, which may explain the 2GS2 caviteinMs
high degree of native-like character. However, from the
study of the first-generation cavitein series by MD, the one-
Gly variant (1GS1) was also found to possess tilted helices
with respect to the cavitand,[37] although it was found to
exist as a dimer by sedimentation equilibria studies.[14] This
contrast can be attributed to the difference within the inter-
helical packing. For the 2GS2 cavitein, the tilt increased the
burial of the non-polar residues, reducing exposure of the

hydrophobic core; however, for the 1GS1 cavitein, two of
the four helices in the tilt were solvent exposed, suggesting
that the dimerisation could occur at this exposed inter-
face.[37] It is important to note that the simulation results are
not always accurate due to assumptions made in the force
field and calculations, as well as due to time limitations.
Nevertheless, results obtained from the simulations can help
complement the experimental results and allow us to better
comprehend the behaviour of the caviteins.

Conclusions

An objective of de novo design and synthesis is to evaluate
the features that influence the structure and ultimately the
function of a protein. The success or failure of a design tests
the underlying concepts and principles involved in folding.
Using a template approach has proven to be a useful tool in
understanding protein structure, because it allows for the
regulation of certain features such as orientation and
number of helices in a bundle. Our group examined the
effect of the linker length in depth by using a cavitand as a
template. From the first-generation cavitein studies, using a
peptide sequence designed to link the hydrophobic/hydro-
philic interface, it was determined that two to three Gly resi-
dues were necessary to obtain a well-defined structure.[14]

From the second-generation cavitein studies presented in
this paper, it is clear that two Gly residues are optimal in
obtaining a native-like protein when the peptides are linked
closer to the hydrophobic face. Comparing the caviteins in
both generations, the two-Gly variant of the second genera-
tion series (i.e., 2GS2 cavitein) displays the most character-
istics of a native-like protein. Linking the peptides closer to
the hydrophobic face improved the packing between the
helices, and hence its native-like properties. The 2GS2 cavi-
tein also displays similar structural specificity to known
native-like de novo proteins.[5,28] Molecular dynamics simula-
tions show that the unique properties of the 2GS2 cavitein
could be a result of tilted helices with respect to the cavi-
tand template.

Although the goal of the protein folding problem is to
learn about the relationship between the amino acid se-
quence and tertiary structure of the proteins, we are also in-
terested in learning about the helical bundle systems. From
the 2D 1H NMR spectra, we were able to assign the amide
protons, which was a first for the caviteins. Together with
the resonance assignments of the amide protons and N-H/D
exchange data, it was determined that the middle non-polar
Leu residue was the last amide proton to exchange with the
solvent, indicating that the ends of the bundle are more dy-
namic than the centre. With improved understanding of how
the different forces interact to influence the folded protein,
it should be possible to direct the design of more complex
caviteins with function. De novo proteins have been de-
signed to mimic ion channels,[39] receptor binding proteins,[40]

antiviral agents,[41] enzymes[42,43] and artificial redox sys-
tems.[43,44]

Figure 11. Representative cluster of the 2GS2 cavitein.
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Experimental Section

Cavitand synthesis : The synthesis of the cavitand template has been de-
scribed previously.[17]

General : All chemicals used for peptide and cavitein synthesis were re-
agent grade. The peptides and caviteins were purified by reversed-phase
HPLC by using a gradient composed of helium-sparged HPLC grade ace-
tonitrile (0.05% TFA), and filtered, helium-sparged deionised water
(0.1% TFA) at a flow rate of 10 mLmin�1 on a Phenomenex Selectosil
C18 column (250P22.5 mm, 10 mm particle size, 300 K pore size). The
purity of the peptides and caviteins were checked by analytical reversed-
phase HPLC at a flow rate of 1.0 mLmin�1 on a Waters Delta Pak C18

column (300 mm, 3.9 mm, 15 mm, 300 K). The molecular weight of the
peptides and proteins were determined by a Bruker Biflex IV MALDI
mass spectrometer with saturated cinammic acid as the matrix.

Peptide synthesis : All peptides were synthesised on an Applied Biosys-
tems (ABI) 431A automated peptide synthesiser by using standard solid-
phase methods and Fmoc/tBu chemistry. Rink resin was used to afford
peptides with C-terminal amides.[45] All solvents and reagents were pur-
chased from Advanced Chem Tech with the exception of DMF, piperi-
dine and the activating reagents, which were purchased from Aldrich.

Peptide 1: The peptide on the resin (�700 mg, �350 mg peptide,
0.187 mmol) was treated with chloroacetyl chloride (90 mL, 1.12 mmol,
6 equiv) and DIPEA (195 mL, 1.12 mmol, 6 equiv) in DMF (5 mL) for 1 h
at RT under N2. After cleavage from the resin and of the protecting
groups from the peptides, purification and lyophilisation, a white solid
was obtained (130 mg, 28%). MS: m/z : 1875 [M+H]+

Peptide 2 : The peptide on the resin (�700 mg, �350 mg peptide,
0.181 mmol) was treaced with chloroacetyl chloride (74 mL, 0.93 mmol,
6 equiv) and DIPEA (162 mL, 0.93 mmol, 6 equiv) in DMF (5 mL) for 1 h
at RT under N2. After cleavage from the resin and of the protecting
groups from the peptides, purification and lyophilisation, a white solid
was obtained (155 mg, 32%). MS: m/z : 1932 [M+H]+

Peptide 3 : The peptide on the resin (�600 mg, �300 mg peptide,
0.151 mmol) was treated with chloroacetyl chloride (72 mL, 0.91 mmol,
6 equiv) and DIPEA (159 mL, 0.91 mmol, 6 equiv) in DMF (5 mL) for 1 h
at RT under N2. After cleavage from the resin and of the protecting
groups from the peptides, purification and lyophilisation, a white solid
was obtained (110 mg, 22%). MS: m/z : 1989 [M+H]+

Peptide 4 : The peptide on the resin (�600 mg, �300 mg peptide,
0.147 mmol) was treated with chloroacetyl chloride (70 mL, 0.88 mmol,
6 equiv) and DIPEA (154 mL, 0.88 mmol, 6 equiv) in DMF (5 mL) for 1 h
at RT under N2. After cleavage from the resin and of the protecting
groups from the peptides, purification and lyophilisation, a white solid
was obtained (180 mg, 24%). MS: m/z : 2046 [M+H]+

Peptide 5 : The peptide on the resin (�700 mg, �350 mg peptide,
0.192 mmol) was treated with chloroacetyl chloride (91 mL, 1.14 mmol,
6 equiv) and DIPEA (200 mL, 1.14 mmol, 6 equiv) in DMF (5 mL) for 1 h
at RT under N2. After cleavage from the resin and of the protecting
groups from the peptides, purification and lyophilisation, a white solid
was obtained (141 mg, 31%). MS: m/z : 1818 [M+H]+

Peptide 6 : The last cycle in the synthesis of the reference peptide in-
volved acetylating the N terminus by using 10% acetic anhydride (2 mL)
in NMP (1 mL) and stirred at RT for 1 h. The resin and protecting
groups were cleaved from the peptide by treatment with 95% TFA in
water for 2 h. After purification and lyophilisation, the afforded peptide
was a white solid (15 mg, 20%). MS: m/z : 1783 [M+H]+

Cavitein synthesis : The caviteins were synthesised by reacting the cavi-
tand template with the peptides from above under basic conditions.

1GS2 : DIPEA (2.4 mL, 14 mmol, 10 equiv) was added to a solution of the
cavitand template (1.0 mg, 1.4 mmol, 1 equiv) and peptide 1 (20 mg,
11 mmol, 8 equiv) in degassed DMF (1 mL), and the reaction was stirred
for 5 h at RT under N2. The crude reaction mixture was evaporated in
vacuo and purified by reversed-phase HPLC to afford the cavitein as a
white solid after lyophilisation (6 mg, 54%). MS: m/z : 8069.5 [M+H]+

2GS2 : The same procedure described for 1GS2 was employed but with
peptide 2 (21 mg, 11 mmol, 8 equiv) to afford a white solid (5.6 mg, 49%).
MS: m/z : 8298.5 [M+H]+

3GS2 : The same procedure described for 1GS2 was employed but with
peptide 3 (22 mg, 11 mmol, 8 equiv) to afford a white solid (4 mg, 34%).
MS: m/z : 8527.2 [M+H]+

4GS2 : The same procedure described for 1GS2 was employed but with
peptide 4 (23 mg, 11 mmol, 8 equiv) to afford a white solid (7 mg, 57%).
MS: m/z : 8755.1 [M+H]+

Circular dichroism (CD) spectroscopy : The CD spectra were recorded on
a JASCO J-710 spectropolarimeter at 25 8C. The background correction
was performed by substracting the scan of 50 mm pH 7.0 phosphate
buffer from the sample scan. Three scans were taken and averaged for
every sample. Quartz cuvettes of either 1 mm or 1 cm path lengths were
used to hold the samples to make sample concentrations of 40 mm and
4 mm, respectively. The instrument was routinely calibrated with
[D10]camphorsulfonic acid. The raw CD spectra were normalised to mean
residue ellipticity [q] at 222 nm using Equation (1) in which qobs is the el-
lipticity measured in millidegrees, l is the cell pathlength in cm, c is the
concentration in m, and n is the number of residues in the cavitein.

½q�222 ¼ qobs=10 l c n ð1Þ

The errors represent the standard deviation of each point and were
found to be �5%. The concentrations of the caviteins were determined
by using the Bradford assay[46] and had errors of �10%.

Denaturation experiments : The GuHCl-induced denaturation experi-
ments were carried out on the CD spectrometer with a solution of 8.0m
GuHCl. The sample concentrations were 40 mm and 4 mm, and prepared
in a 1 cm or 1 mm quartz cuvette, respectively. To obtain the most con-
centrated 8.0m solution of GuHCl, the protein was directly dissolved in
the 8.0m stock solution. The other samples of lower GuHCl concentra-
tions were prepared by appropriately diluting the samples with pH 7.0,
50 mm phosphate buffer from 0m to 8.0m GuHCl in 0.25m increments of
the denaturant. The samples were typically prepared a day ahead and
vortexed before measurement. Three different scans of three separately
prepared samples were taken and the errors were found to be within
�5%. The fraction folded was determined from dividing the [q]222 at a
certain concentration of GuHCl with the [q]222 of the completely folded
protein.

The stabilities of the caviteins were determined using the linear extrapo-
lation method,[23] which assumes that the folding/unfolding of a protein is
a reversible, two state process: UQN in which N is the folded native-
state of the protein, and U is the fully unfolded state of the protein. This
method also assumes that the folding free energy is linearly dependent
on the concentrations of GuHCl. Equation (2) relates the observed free
energy of folding, DGo

obs with the free energy of folding in the absence of
the denaturant, DGo

H2O
.

DGo
obs ¼ DGo

H2O
�m½GuHCl� ð2Þ

In Euqation (2) m is the change in DGo
obs with respect to the concentra-

tion of GuHCl. At a particular denaturant concentration, DGo
obs can be

calculated according to Equation (3)in which R is the universal gas con-
stant, T is the temperature and Kobs is the equilibrium constant for fold-
ing [Eq. (4)].

DGo
obs ¼ �RT lnKobs ð3Þ

Kobs ¼
½N�
½U� ¼ eð�DG

o
obs=RTÞ ¼ eðð�DG

o
H2O

�m ½GuHCl�Þ=RTÞ ¼ fN
fU

¼ fN
ð1�fNÞ

ð4Þ
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In Equation (4) fN and fU are the fraction of folded and the fractio of un-
folded protein, respectively. The parameter fN can be determined using
Equation (5).

fN ¼ eðð�DG
o
H2O

�m ½GuHCl�Þ=RTÞ

½1 þ eðð�DG
o
H2O

�m ½GuHCl�Þ=RTÞ�
ð5Þ

For proteins with high stability, the post-transitional baseline may be dif-
ficult to approximate at high concentrations of GuHCl, therefore Equa-
tion (6)[47] is used in which qobs is the ellipticity at 222 nm at a given
GuHCl concentration, qN is the ellipticity of the fully folded state, qU is
the ellipticity of the unfolded state, and a is a constant.

qobs ¼ qNðfNÞð1�a ½GuHCl�Þ þ qUð1�fNÞ ð6Þ

The values for, qU, DG
o
H20

, m and a were determined by non-linear least-
squares analysis by using KaleidaGraph 3.08 (Synergy Software). The
value of qN was normalised to 0.9999 and qU was set to 0.0001. The errors
reported are calculated from this program.

Analytical ultracentrifuge : Sedimentation equilibria studies were carried
out to determine the oligomeric state of the caviteins by using a tempera-
ture-controlled Beckman Coulter Optima XL-1 analytical ultracentrifuge
with an AN60 Ti 4-hole rotor. Different initial concentrations of 20, 40
and 60 mm solutions were made up with 50 mm pH 7.0 phosphate buffer.
To each sample, KCl (0.08m) was added. The samples were loaded with
125 mL of cavitein solution and 135 mL of reference solution into ultra-
centrifuge cells containing Epon six-channel centrepieces with 12 mm
pathlength quartz windows. Data were collected at 20 8C at rotor speeds
of 27000, 35000, and 40000 rpm until equilibrium was reached (29–35 h).
Scans were detected by UV at a wavelength of 270 nm. The partial specif-
ic volumes of the caviteins were calculated based on their amino acid
composition.[48] The solution density of the samples in aqueous buffer
was estimated to be 1.000 gmL�1. The data were analysed by using a
non-linear least-squares analysis.[49] The data were initially fit to a single,
ideal species.[50] In cases in which the data did not fit well to a single
ideal species, best fits were made using a self-associating model.[50] Raw
data of the fits are included in the Supporting Information.

NMR spectroscopy :[51] The 1D 1H NMR spectra were obtained on a
600 MHz Varian Unity Inova NMR spectrometer at 25 8C. The cavitein
samples were prepared by dissolving the protein in 45 mm phosphate
buffer (90:10 H2O/D2O) at pH 7.0. The final concentrations of all the
caviteins were 1.5 mm. The data were processed by using MestReC Ver-
sion 2.3.

To obtain the 2D 1H NMR spectrum of the 2GS2 cavitein sample, a
500 MHz Varian Unity instrument at 20 8C was used. The 1GS2 cavitein
sample was run on a 600 MHz Varian Unity Inova at 20 8C. The concen-
tration of the 2GS2 cavitein sample was 2 mm and that of the 1GS2 cavi-
tein sample was 1.1 mm. The samples were dissolved in 45 mm acetate
buffer (90:10 H2O/D2O) at pH 4.62. The 2D spectra were processed by
using NMRpipe, and polynomial baseline corrections were carried out.
The spectra were calibrated to the water signal at d=4.78 ppm. The reso-
nance assignments were assisted by using NMRView.

The N-H/D exchange experiments were run on a 500 MHz Varian Unity
at 20 8C. The samples were prepared by dissolving the caviteins in 50 mm

acetate buffer at pH 4.62, and lyophilising these samples. The experiment
was initiated by the addition of 100% D2O. The sample concentrations
were 2.2 mm for the 1GS2 cavitein, 1.9 mm for the 2GS2 cavitein, 1.9 mm

for the 3GS2 cavitein and 1.9 mm for the 4GS2 cavitein. The pD was cor-
rected for isotope effects.[52] The reference spectrum consisted of each
cavitein in 45 mm acetate buffer (90:10 H2O/D2O) at 20 8C. The peak
heights were normalised with the non-exchangeable proton, Hout (near
d=6 ppm) of the cavitand template. The first-order rate could not be de-
termined for the 3GS2 cavitein, since the Hout signal changed over time.
The protection factor, P was calculated using Equation (7),[32] and was
based on the last amide proton to disappear for each cavitein.

P ¼ kint=kex ð7Þ

In Equation (7) kint is the intrinsic exchange rate[30] of an unprotected
proton and kex is the first order exchange rate of the amide proton in
question. The values in Table 3 correspond to the chemical shift of the
last amide proton to disappear during exchange (i.e., middle Leu). The
calculated data are the averages of three estimates at three different
times. The listed errors represent the standard deviation of the estimates.

ANS binding studies : ANS fluorescence spectra were measured on a
Varian CARY Eclipse at 25 8C. A quartz cell with a 10 mm pathlength
was used to hold the samples. All samples contained 2 mm ANS in 50 mm

phosphate buffer at pH 7.0, and either 50 mm of the cavitein, 95% etha-
nol, or 100% HPLC grade methanol. The excitation wavelength was set
to 370 nm and the emission was recorded between 400 and 600 nm. The
error bars were calculated from the standard deviation of three separate
runs and were found to be �5%.
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