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a b s t r a c t

The capping efficiency of glycine on cavitand-based synthetic four-helix bundles was investigated. Gly-
cine, a common C-capping amino acid, has always been included as a C-terminal residue in our de novo
peptides, although the exact contribution of the glyince cap to the overall stability and structure of the
caviteins had not previously been examined. The uncapped proteins were found to be less helical accord-
ing to their CD spectra. In addition, the H/D exchange experiments suggested that the uncapped caviteins
were more conformationally flexible. Capped and uncapped caviteins exhibited similar DGo

H2O values of
unfolding. Overall, it can be concluded that glycine caps are useful, as they reduce helical unravelling
and enhance helicity, and thus, glycine will be included as a C-terminal residue in future de novo peptide
sequences.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

The design of new synthetic proteins in order to help elucidate
the protein-folding problem has received great attention over the
past few decades [1]. The use of templates to assist in the organi-
zation of peptides to form pre-determined three-dimensional
structures, Template Assembled Synthetic Proteins (TASPs), has
emerged as a useful tool in this area of research [2]. We covalently
link a-helical peptides to a cavitand template, referring to the
resulting structures as ‘‘caviteins” (cavitand + protein) (Fig. 1) [3].
One of the advantages of de novo peptides is that they are generally
smaller and more simple than their natural counterparts, yet they
still maintain the same features necessary for folding. One of the
most common topologies encountered among the examples of de
novo proteins is the four-helix bundle [4]. In addition to providing
models for understanding the challenges of the folding process, de
novo proteins are novel molecules with potentially useful applica-
tions [5].

The a-helix contains internal hydrogen bonds between the car-
bonyl of residue i and the amide proton of residue i + 4 [6]. This
network leaves four carbonyl groups at the C-terminus, and four
amide protons at the N-terminus, without hydrogen bonding part-
ners [7]. It has been proposed that there is a preference for certain
ll rights reserved.
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residues to reside at the N- and C-termini of helices that will satisfy
the hydrogen-bonding requirements and stabilize the helix macro-
dipole [7,8]. Amino acids having charged side chains that can min-
imize the helix macrodipole, created by the orientation of the
amide residues of the helix backbone, are prevalent at the appro-
priate helix termini. For example, a cationic side chain can stabilize
a helix if it is located at the negatively charged C-terminus, and an
anionic side chain can stabilize the positively charged N-terminus.

The alternative hydrogen bonds that occur at helix N- and C-ter-
mini are termed helix ‘‘capping” interactions and provide thermo-
dynamic stability to a-helices. N-caps have been shown to stabilize
monomeric a-helices by up to 2 kcal/mol [9]. Amino acids that
serve as useful N-caps include Ser, Asn, Asp and Thr, while Ala,
Leu, Val, Ile, Trp, Arg, Gln and Glu are rarely found [7,8,10]. Ser,
Asn, Asp and Thr are favourable N-caps because they can adopt
specific rotameric conformations that allow for their side chains
to accept hydrogen bonds from free main chain NH groups, thus
stabilizing the a-helix.

By comparison, C-capping interactions occur less frequently than
N-capping interactions of the a-helices in proteins of known struc-
ture, and it appears that C-capping motifs may be more important
for helix termination than for stabilization [8]. Furthermore, the sta-
bilizing effects of C-capping residues such as His, Lys and Arg were
found to be much less (only �0.3–0.6 kcal/mol of stabilization has
been observed) than that of N-caps [9a]. The positively charged side
chains of His, Lys, and Arg help stabilize the negatively charged C-
terminus. However, the most common residue found at the C-cap
position is glycine, a good helix terminating residue.
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Fig. 1. Cavitein synthesis.
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This study aimed at determining whether removing a glycine
N- or C-cap would alter not only stability, as is commonly probed,
but also the structure and dynamics of the resulting caviteins. It
was hypothesized that caviteins containing peptides, with glycine
caps, would be more helical, more stable, and less dynamic
compared to their uncapped derivatives. A greater stability of
�1–2 kcal/mol, as is generally reported for proteins in literature
[9], was predicted for caviteins containing peptides having glycine
C-caps, and �0.3–0.6 kcal/mol greater stability for caviteins con-
taining peptides with N-caps. It is important to note that the
changes in stability that were being evaluated were subtle. A crys-
tal structure of a cavitein-dimer was recently reported by Sherman
and co-workers, which shows a stabilizing glycine C-capping inter-
action, and hence it was interesting to evaluate the effect of glycine
capping with respect to cavitein structure, dynamics and stability
[3g]. The approach involved synthesizing caviteins having similar
peptides linked to the cavitand template via their N- and C-termini,
respectively. Furthermore, these caviteins were synthesized with
and without glycine capping residues at their respective helix
termini.
2. Results and discussion

2.1. Peptide synthesis

Peptides 1–6 were synthesized using standard Fmoc techniques
on an automated Applied Biosystems peptide synthesizer following
literature procedures; the sequences are outlined in Table 1 [11].

2.2. Cavitein synthesis

The synthesis of caviteins 7, 8, 10, and 11 entailed the coupling
of activated peptides 1, 2, 4, and 5 to the cavitand template via
Table 1
Complete sequences using one-letter abbreviated amino acids including modified
termini for peptides 1–6.

Peptide
number

Peptide
name

Peptide sequence

1 lg2 ClCH2CO–NH–[GG–EELLKKLEELLKKG]–CO–NH2

2 lg3 ClCH2CO–NH–[GGG–EELLKKLEELLKKG]–CO–NH2

3a lg2c CH3CO–NH–[GEELLKKLEELLKKGGC]–Spy
4 lg2_nocap ClCH2CO–NH–[GG–EELLKKLEELLKK]–CO–NH2

5 lg3_nocap ClCH2CO–NH–[GGG–EELLKKLEELLKK]–CO–NH2

6a lg2c_nocap CH3CO–NH–[EELLKKLEELLKKGGC]–Spy

a lg2c is attached to the cavitand via a C-terminal cysteine residue; Spy is the
S-pyridyl group.
their N-termini through disulfide bonds by following literature
procedures [3b]. Caviteins 9 and 12 had peptides 3 and 6 linked
to the cavitand via their C-termini, respectively, also by following
literature procedures [12]. A complete list of the caviteins and their
corresponding names are outlined in Table 2.

2.3. Characterization

Caviteins 7–12 were synthesized with high levels of purity, and
were characterized by circular dichroism (CD), nuclear magnetic
resonance (NMR) spectroscopy, analytical ultracentrifugation
(AUC), and by the binding of a hydrophobic dye, 1-anilinonaphtha-
lene-8-sulfonate (ANS), monitored by fluorescence spectroscopy.

2.4. Far-UV CD spectroscopy

The far-UV CD spectra for the caviteins at concentrations of
�40 lM are shown in Fig. 2. CD spectra for each of the caviteins
were also obtained at �4 lM to evaluate whether concentration
has an effect on the a-helicity of the protein. For all of the caviteins,
the CD spectra at concentrations of �4 and �40 lM were indistin-
guishable; only the high concentration data is shown. The concen-
tration independence supports that the proteins are monomeric at
these concentrations.

The characteristic CD curves for all of the caviteins indicate an
a-helical structure. The a-helicities of the uncapped caviteins in
all cases are lower than their respective capped counterparts. The
LG2C cavitein, which has its peptides linked to the template via
their C-termini, seems to be the most helical of the six caviteins,
while LG2C_nocap is the least helical.

2.5. Near-UV CD spectroscopy

The disulfide or aromatic chromophores absorb in the near-UV
CD region, which provide information on the tertiary structures of
proteins [13]. LG2C and LG2C_nocap have disulfide bonds which
absorb in the near-UV region, as do all of the caviteins having
the arenes in the cavitand template. The near-UV CD spectra for
the capping caviteins at concentrations of �40 lM are shown in
Fig. 3.

The removal of the capping residues in LG2, LG3, and LG2C has
little effect on the near-UV CD signal. The enhanced near-UV signal
of LG2 and LG2_nocap could be a result of the peptides being lo-
cated in closer proximity to the cavitand template, which is the
chromophore in the near-UV region. From the patterns of the
near-UV signals, it may be that LG2 and LG2_nocap are supercoil-
ing in one direction, and in the opposite direction to that of LG3
and LG3_nocap. Furthermore, the absence of a CD signal in the



Table 2
Names and sequences for caviteins 7–12.

Cavitein
number

Cavitein
name

Sequence

7 LG2 Cavitand–(S–CH2CO–NH–[GG–
EELLKKLEELLKKG]–CO–NH2)4

8 LG3 Cavitand–(S–CH2CO–NH–[GGG–
EELLKKLEELLKKG]–CO–NH2)4

9a LG2C Cavitand–(S–[CGG–KKLLEELKKLLEEG]–NH–
COCH3)4

10 LG2_nocap Cavitand–(S–CH2CO–NH–[GG–
EELLKKLEELLKK]–CO–NH2)4

11 LG3_nocap Cavitand–(S–CH2CO–NH–[GGG–
EELLKKLEELLKK]–CO–NH2)4

12a LG2C_nocap Cavitand–(S–[CGG–KKLLEELKKLLEE]–NH–
COCH3)4

a Caviteins 9 and 12 have peptides linked to the cavitand via their C-termini.
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Fig. 2. Far-UV CD spectra for the caviteins at �40 lM in 50 mM pH 7.0 sodium-
phosphate buffer at 20 �C.

Fig. 3. Near-UV CD spectra for the caviteins at �40 lM in 50 mM pH 7.0 sodium-
phosphate buffer at 20 �C.
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near-UV region for LG2C and LG2C_nocap suggest that either their
chiral elements are removed from the cavitand chromophores or
that they exhibit molten globule-like characteristics. The latter
conclusion would be in accord with other disulfide-linked caviteins
that also exhibited molten globule-like characteristics, previously
studied [12] see Table 3.
2.6. GuHCl denaturation experiments

Fig. 4 displays the unfolding curves of the capping caviteins
monitored at 222 nm in the presence of 0–8.0 M GuHCl at
�40 lM concentrations. The GuHCl experiments were also run at
4 lM concentrations for each of the caviteins. The unfolding curves
at each concentration are superimposable within experimental er-
ror, reflected by their similar DGo

H2O values listed in Table 4.
The cooperativity of the unfolding reaction can be measured

qualitatively by the width and shape of the unfolding transition.
All of the unfolding curves for the caviteins shown in Fig. 4 show
that: (1) the caviteins exist as well-folded structures before GuHCl
is added, (2) all the caviteins are completely unfolded by 8.0 M
GuHCl, and (3) the unfolding transitions are cooperative.

Surprisingly, because it was predicted that the uncapped cavi-
teins would be slightly less stable (�0.3–2 kcal/mol depending
on the helix cap) than their capped analogues, the DGo

H2O values
of unfolding for each capped/uncapped pair of caviteins fall within
experimental error of each other.
2.7. AUC sedimentation equilibrium experiments

AUC sedimentation equilibrium experiments have been used to
analyze the solution behaviour of various biological molecules
[14]. The caviteins were analyzed at concentrations of 10, 50 and
80 lM and at rotor speeds of 27,000, 35,000 and 40,000 rpm. The
sedimentation equilibrium data for the caviteins were analyzed
by NONLIN [15], and the exponential plot of absorbance versus ra-
dius for LG2_nocap is shown in Fig. 5. The exponential plots of
absorbance for LG3_nocap, and LG2C_nocap were very similar to
that of LG2_nocap, (data not shown).

The data for each of the caviteins were fit to a monomer, mono-
mer–dimer, dimer, monomer–trimer, trimer, monomer–tetramer,
and tetramer in order to check for the best theoretical fit to the
experimental data. In all cases the monomer fits were most accu-
rate, assessed by the even distribution of the residuals about zero
as exemplified in the upper panel of Fig. 5. Table 5 summarizes
the sedimentation data, and the solution conditions for the
caviteins.
2.8. One-dimensional 1H NMR spectroscopy

The amide region of the 1H NMR spectra for four of the caviteins
is shown in Fig. 6. The 1H NMR spectrum of LG2C_nocap could not
be acquired due to insufficient sample quality. Sharp and disperse
signals in the amide region are indicative of native-like structure
[16].

The 1H NMR spectra of LG2, LG2_nocap, LG3, and LG3_nocap
each show �13 distinguishable dispersed amide signals indicative
of a well-defined amide backbone with a high content of tertiary



Table 3
Molar ellipticity at 222 nm ([h]222) for the caviteins.

Cavitein Concentration (lM) Experimental (h)222 (deg cm2 dmol�1) Calculated maximum (h)222 (deg cm2 dmol�1) Percent helicity (%)

LG2a 39 ��20,000 ��33,200 �60
LG3a 39 ��18,000 ��33,500 �54
LG2Cb 39 ��21,000 ��33,500 �63
LG2_nocap 39 ��18,000 ��32,700 �55
LG3_nocap 40 ��15,000 ��33,200 �45
LG2C_nocap 39 ��15,000 ��33,200 �45
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Fig. 4. Effect of GuHCl on the helicity ([h]222) of the caviteins at �40 lM in 50 mM
pH 7.0 sodium-phosphate buffer at 20 �C.

Table 4
GuHCl-induced denaturation data calculated for the caviteins.

Cavitein Concentration (lM) DGo
H2 O (kcal/mol)

LG2 39 �10.4 ± 0.3
LG2 4 �10.2 ± 0.3
LG3 39 �10.8 ± 0.4
LG3 4 �10.7 ± 0.4
LG2C 39 �11.8 ± 0.4
LG2C 3 �11.6 ± 0.3
LG2_nocap 39 �10.5 ± 0.4
LG2_nocap 3 �10.2 ± 0.4
LG3_nocap 40 �10.9 ± 0.4
LG3_nocap 4 �10.7 ± 0.3
LG2C_nocap 39 �11.2 ± 0.4
LG2C_nocap 4 �11.1 ± 0.4
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structure. The presence of only 13 amide signals for these caviteins
suggest that many of the amino acid residues are in a degenerate
environment and therefore indistinguishable from each other,
likely due to the fourfold symmetry of the cavitein.

The 1H NMR spectra of LG2 and LG2_nocap and that of LG3 and
LG3_nocap are similar. It is surprising that the signals in the 1H
NMR spectrum of LG2_nocap are sharper than comparable signals
in LG2. The 1H NMR spectrum of LG3 remains the sharpest of the
caviteins, although still slightly less dispersed than LG2 and
LG2_nocap. However, having a lower dispersion does not preclude
a native-like structure, since it has been shown that coiled coil pro-
teins generally exhibit less dispersion in the amide region than do
square bundles [17]. Overall, the tertiary structures of the caviteins
without caps are similar to the tertiary structures of their reference
capped counterparts, since their 1H NMR spectra comparable.

2.9. Hydrogen/deuterium amide exchange

Proteins have some conformational flexibility or dynamics. It is
common to use NMR to study protein-amide protons that can be
readily exchanged with solvent protons in aqueous media [18].
A representative stackplot of the 1H NMR amide region for LG2_no-
cap is shown in Fig. 7. N-H/D exchange data were analyzed for all
caviteins. The protection factors for the most protected proton for
each cavitein are shown in Table 6.

The amide H/D exchanges of all of the capping caviteins were
studied over the course of about 6 h depending on the cavitein.
Many of the amide protons exchanged before the first scan could
be acquired (�5 min) and are not likely involved in buried hydro-
gen bonds or are easily accessible to the solvent. However, a few
amides were visible for a few hours, and their calculated protection
factors are outlined in Table 6.

Table 6 shows that it is clear that the protons at �8.5 ppm for
LG2_nocap, LG3_nocap, and LG2C_nocap exhibit slightly less pro-
tection from exchange than the protons at �8.5 ppm for LG2,
LG3 and LG2C, respectively. It is possible that removal of the gly-
cine cap may leave the hydrophobic core of the peptides slightly
more exposed due to the unravelling of the helices, and hence
more accessible to the solvent.

2.10. 1-Anilinonaphthalene-8-sulfonate (ANS) binding

ANS binding can be used as a diagnostic to probe the tertiary
structures of proteins, with molten globule proteins generally
binding ANS with a high affinity [19]. ANS binding was studied
by fluorescence spectroscopy for the capping caviteins, and under
standard experimental conditions [20] negligible binding was ob-
served for all of the caviteins. The studies were completed using
three different concentrations of 50, 100 and 150 lM per cavitein
and negligible binding was observed (data not shown). Since all
other four-helix bundle caviteins have exhibited negligible bind-
ing, it was not surprising that no ANS was found to bind to any
of the caviteins studied [3].

3. Conclusions

Overall this work presents the design and synthesis of four-he-
lix bundles containing peptides with and without N- and C-gly-
cine caps. It was predicted that, if the glycine caps were indeed
responsible for holding the tertiary structures intact, the caviteins
lacking glycine capping residues would be less helical, less stable,
and more dynamic than their capped counterparts, and would ex-
hibit more molten globule-like characteristics. A reduction of 5–
18% a-helicility for the uncapped caviteins together with their
lower protections factors, compared to their capped counterparts,
suggest that the capping residues do help hold the helix ends
from unravelling. The uncapped caviteins although less a-helical,



Fig. 5. Sedimentation equilibrium concentration distributions of LG2_nocap at a rotor speed of 27,000 rpm in 50 mM sodium-phosphate buffer, pH 7.0, 20 �C at 10 lM. In the
lower panel the solid line represents a theoretical fit to a monomer equilibrium. The upper panel represents the residuals for the fit.

Table 5
Experimentally estimated molecular weights (MWs) determined by sedimentation
equilibrium for the caviteins at 20 �C in 50 mM pH 7.0 sodium-phosphate buffer at
concentrations of 10, 50 and 80 lM with rotor speeds of 27,000, 35,000 and
40,000 rpm.

Cavitein Experimentally
estimated MW (Da)

Calculated
MW (Da)

Predominant
species

LG2a 8500 ± 600 8016 Monomer
LG3a 8000 ± 300 8240 Monomer
LG2Cb 8700 ± 600 8424 Monomer
LG2_nocap 8100 ± 400 7784 Monomer
LG3_nocap 8500 ± 500 8016 Monomer
LG2C_nocap 8300 ± 400 8200 Monomer
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were of comparable stability to their capped counterparts, dem-
onstrated by similar DGo

H2O values of unfolding. A slight difference
in stability of �0.3–2 kcal/mol for capping was expected depend-
ing on the helix termini. Furthermore, the caviteins with peptides
linked to the cavitand template via their C-termini exhibited
more molten globule-like characteristics than caviteins containing
peptides linked via their N-termini. A crystal structure of a cavi-
tein-dimer recently reported by Sherman and co-workers shows a
stabilizing glycine C-capping interaction. This evidence further
supports the rationale for including glycine C-caps in future cav-
itein designs [3g]. Therefore, capping residues will continue to be
used as they help retain a-helicity, and help hold the tertiary con-
tacts in place.

In the future, other amino acid residues apart from glycine
could be studied to determine whether a more suitable capping
residue exists. Furthermore, an optimization of the linker
between the cavitand template and C-terminal linked peptides is
necessary.
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4. Experimental

4.1. Cavitand synthesis

The synthesis of the arylthiol cavitand was synthesized follow-
ing literature procedures [3a].
4.2. General

All reagents for the peptide and cavitein syntheses were reagent
grade. The peptides and caviteins were purified by preparative re-
versed-phase HPLC using a Perkin–Elmer Biocompatible Pump 250
with a PE LC90 BIO Spectrophotometric UV detector and a KIPP and



Table 6
Data from the amide H/D exchange experiments of the caviteins in a 50 mM pD 5.02 CD3COOD/CD3COO�Na+ buffer at 20 �C.

Cavitein name Amide proton chemical shifta (ppm) First-order rate constant (h�1) Half-life (h) Protection factor b

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

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

LG2_nocap 8.6 8.32 � 10�1 0.80 (2.6 ± 0.3) � 102

LG3_nocap 8.6 1.67 � 10�1 4.2 (1.3 ± 0.3) � 103

LG2C_nocap 8.5 2.08 0.33 (1.0 ± 0.2) � 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.

104 H.E.K. Huttunen-Hennelly / Bioorganic Chemistry 38 (2010) 98–107
ZONEN chart recorder. A Phenomenex Selectosil C18 reversed-
phase HPLC column (preparative: 250 mm � 25 mm, 10 lM parti-
cle size, 300 Å pore size) was used. The wavelength for the UV
detection was set at 229 nm for recognition of the amide chromo-
phore. The samples were filtered through a 0.45 lM Nylon™ syr-
inge filter (Phenomenex) prior to injection and run at a flow rate
of 10 mL/min 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 (analyti-
cal: 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 using
the same solvents as for the preparative purification. The purified
samples were evaporated in vacuo and lyophilized. The mass spec-
tra were run on a MALDI-MS Bruker Biflex IV in reflectron mode
using 50 lM cinnamic acid in 1:1, H2O: MeCN, as a matrix. Cavitein
concentrations were determined using a Bradford Assay [21] mea-
sured on a CARY UV–visible spectrophotometer. The pH’s of the
buffers were determined using a Fisher Scientific Accumet pH me-
ter 915 calibrated with two purchased buffer standards (pH = 4.0
and 10.0).
4.3. Peptide synthesis

The peptides were synthesized following to a large extent litera-
ture procedures, with peptides 1 and 2 having previously been syn-
thesized [3b,d]. The synthesis of lg2_nocap, and lg3_nocap followed
similar experimental procedures as those described for lg2 and lg3.
In the case of lg2c_nocap, the synthesis was identical to the synthesis
of lg2c except that lg2c_nocap lacked an N-terminal glycine residue.
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 FastMoc™ protocols. Side chain
protected amino acids were used for chemoselective synthesis of
the peptide, which was in turn bound by its C-terminus to a resin
developed by Rink [22] to afford a C-terminal amide upon cleavage.
A single amino acid coupling cycle included a: (1) 13 min Fmoc
deprotection using piperidine, (2) 6 min wash step using N-methyl-
pyrrolidone (NMP), (3) 30 min coupling step to 1.0 mmol of the next
Fmoc amino acid using 2-(1H-benzotriazole)1,1,3,3-tetramethyl-
uronium hexafluorophosphate (HBTU) and 1-hydroxybenzotriazole
(HOBt) as coupling reagent (note activation of the amino acid started
with DIPEA), and lastly and (4) 6 min wash with NMP. NMP was the
solvent throughout the synthesis with each cycle having an approx-
imate time of 55 min.

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 chlo-
ride (75 lL, 0.96 mmol, 6 equiv.) and DIPEA (165 lL, 0.95 mmol,
6 equiv.) in DMF for 1 h 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 simulta-
neously using a 2 h treatment with 95% TFA/H2O. An ice bath
was used for the first 10 min 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 mLs in vacuo and the crude peptide was precipitated using
ice-cold diethyl ether. The peptide was recovered by suction filtra-
tion using a fine frit filter. The peptide was then dissolved in dis-
tilled water, filtered, and purified by reversed-phase HPLC. The
peptide was lyophilized until a fluffy white solid peptide was ob-
tained (105 mg, 23%).

Slight modifications to the above procedure were made for the
preparation of peptides 3 and 6 (lg2c and lg2c_nocap) and are de-
scribed for lg2c below. A C-terminal cysteine residue was added on
the automated peptide synthesizer containing an S-trityl side chain
protecting group. After peptide lg2c was removed from the auto-
mated peptide synthesizer the free N-terminus was acetylated
through a manual treatment of lg2c (�300 mg resin, �100 mg pep-
tide 3, �0.6 mmol) with excess acetic anhydride (3.5 mL) in 1 mL
NMP for 1 h at room temperature. The peptide resin was then fil-
tered through a medium frit filter with DCM. The lg2c peptide
was then cleaved off the resin and of protecting groups using a
mixture of TFA (95%), H2O (2.5%) and 1,2 ethanedithiol (2.5%).
The last step involved activating the free C-terminus of lg2c by
adding lg2c (20 mg, 10 lmol) in 3 mL ethanol to a rapidly stirring
solution of 2,20-dipyridyl disulfide (12 mg, 55 lmol) in 2 mL etha-
nol. The reaction was stirred at room temperature for 1 h. The eth-
anol was reduced to 1 mL in vacuo, and the solution was pipetted
onto ice-cold diethyl ether. The resulting solid was re-dissolved
in water (1.5 mL) containing 0.1% TFA, and filtered using a
0.45 lm nylon filter. Subsequent purification of lg2c by RP-HPLC
and lyophilization afforded peptide 3 as a white solid (50 mg,
19%). All of the peptides were characterized for purity by the
inspection of a single peak by analytical reversed-phase HPLC
(>95% pure), and using MALDI-MS (see Table 7).
4.4. Cavitein synthesis

Caviteins 7, 8, 10 and 11 were synthesized by following litera-
ture procedures [3b]. The synthesis of cavitein 7 is described be-
low, and similar procedures were followed for the synthesis of
caviteins 8, 10 and 11. 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 h. The crude reaction mixture was evaporated in vacuo, dissolved
in water, filtered, and purified by reversed-phase HPLC to yield
cavitein 7 as a fluffy white solid (5.5 mg, 49%) after lyophilization.



Table 7
% Yields and MALDI-MS Characterization of the ‘‘Activated” Peptides. (Note, calcu-
lated masses agreed within 1 Da).

Peptide % Yield Mass (Da.)

lg2a 85 1860
lg3a 82 1916
lg2cb 68 2037
lg2_nocap 78 1802
lg3_nocap 80 1860
lg2c_nocap 61 1980
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The additional unwanted tris-cavitein byproduct was separated
and removed during purification. The synthesis of caviteins 9 and
12 was very similar and followed literature procedures [12]. The
caviteins were characterized using MALDI-MS and the masses are
outlined in Table 8.

4.5. Circular dichroism (CD) spectroscopy

All CD spectra were recorded on a JASCO J-710 spectropolarim-
eter. 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 acquisi-
tion. Some of the parameter settings include: 0.1 nm step resolu-
tion, 2 nm bandwidth, and 50 nm/min scanning speed. The J-710
spectropolarimeter was calibrated routinely using d-10-(+)-cam-
phorsulfonic acid [23]. 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 so-
dium-phosphate buffer (pH = 7.02) to check for concentration ef-
fects 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:

½h�222 ¼ 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,
and n is the number of residues in the cavitein. Errors were on aver-
age ±5%.

Guanidine Hydrochloride (GuHCl) denaturation experiments
were performed between 0 and 8.0 M GuHCl in a 50 mM so-
dium-phosphate buffered (pH = 7.0) cavitein solution. Data points
were collected at 1 M 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, respec-
tively. 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 [24]. According to this method,
Table 8
% Yields and MALDI-MS characterization of the Caviteins made from ‘‘Activated”
peptides (note, calculated masses agreed within 1 Da).

Cavitein % Yield Mass (Da.)

LG2a 29 8016
LG3a 34 8240
LG2Cb 32 8424
LG2_nocap 33 7784
LG3_nocap 31 8016
LG2C_nocap 25 8200
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 ¼ hNðfNÞð1� a½GuHCl�Þ þ hUð1� fNÞ

where hobs is the mean residue ellipticity at 222 nm at a certain con-
centration 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 fN is the fraction of the pro-
tein in the folded state. fN is related to the free energy of unfolding,
DGo

H2O, by the following equation:

fN ¼ eððDGOH2O�m½GuHCl�Þ=RTÞ=½1þ eððDGOH2O�mGuHCl�Þ=RTÞ�

where DGo
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 DGo

H2O by a nonlinear least-
squares regression analysis. The value of hN was normalized to
one. The software analysis program calculated the reported errors.
4.6. Analytical ultracentrifugation (AUC)

Sedimentation equilibrium studies were carried out on a tem-
perature-controlled Beckman Coulter OptimaTM XL-I analytical
ultracentrifuge. Sedimentation equilibrium experiments were run
using either an An60 Ti rotor, or an An50 Ti rotor (four sample
holders and eight sample holders, respectively) and a UV photo-
electric scanner. A six sector cell, equipped with a 12 mm Epon
centerpiece and quartz windows, was loaded with 3 � 120 lL of
sample at three different concentrations made up in 50 mM so-
dium-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 h and single scans 3 h 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 so-
dium-phosphate buffer was taken to be 1.000 g/mL. The partial
specific volumes of the caviteins were calculated based on their
amino acid compositions [25].

The sedimentation equilibrium data was analyzed on a PC com-
patible software program called NONLIN [15]. This program uses a
nonlinear least-squares analysis in order to generate a reduced
molecular weight, r, from which the actual experimental molecu-
lar weight, M, can be calculated. Nine sets of data (three different
concentrations at the three 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 Lamm [26] equation
below:

Ar ¼ Exp ½lnðAoÞ þMx2ð1� �mq=RTÞðr2 � r2
oÞ� þ E

where Ar is the absorbance at radius r, Ao is the absorbance at a
reference radius ro (the meniscus), M is the molecular weight in
g/mol, x is the angular velocity of the rotor in rad/s, �m is the partial
specific volume of the peptide, q is the density of the solvent in
g/mL, 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 supporting information.
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4.7. 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 so-
dium-phosphate buffer at pH = 7.0 (90:10, H2O:D2O) to a final con-
centration 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 com-
pleted to ensure a correct reading of pD = 5.02, since pH has a dra-
matic effect on exchange rates. The pD was corrected for isotope
effects using the equation [27]:

pD ¼ pHread þ 0:4

where pHread is the reading of the pH electrode. The first scan was
acquired 5 min 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:

lnð½Ho�=½Ht�Þ ¼ kobst

where kobs is the first-order rate constant, t is the time at which the
scan was taken, [Ho] 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 ¼ ln 2=kobs

Protection factors were then calculated using the equation:

P ¼ 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 ‘‘unpro-
tected” 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 [18a]:

T1=2-int ¼ 200=½10ðpH�3Þ þ 10ð3�pHÞ�½100:05T �

where t1/2-intrinsic is the intrinsic half-life for an unprotected proton,
and T is the temperature in �C. Errors represent one standard devi-
ation from three rate constant estimates.
4.8. 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. Ref-
erence 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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