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1. Introduction and aims
The function of biological macromolecules, such as DNA, RNA or proteins,
depends or their ability to adopt specific, kinetically controlled and thermodynamically
stable conformations. This process, referred to as “folding”, ensures the precise
arrangement of functional groups required for tasks like molecular recognition or
catalysis. A similar ability of self-organization is essential for artificial molecules to be
capable of mimicking the diverse structural and functional behavior of proteins. The
term “foldamer” is used to describe such molecules: artificial polymers with a strong
tendency to adopt compact conformations, i.e. folding polymers.1, 2
The first step in the mimicry of complex protein structures is to design stable
secondary structural motifs, like helices, -sheets, and hairpins. A number of foldameric
helices, hairpins, as well as several standalone -sheets were designed, but the
cooperative folding of different elements into a tertiary structure is a current challenge,
because of the complexity of the problem. The design of water-soluble, stable -sheets
and -sandwiches is also hindered by their propensity to form insoluble aggregates.
Designing stable scaffolds with -sheet structure is, however, very much desirable, as
many aspects of protein functionality are realized through domains with high -sheet
content, like the variable region of antibodies and a great number of protein–protein
interaction (PPI) surfaces.3, 4
The pharmaceutical need for such protein-mimicking foldamers is also high, because
the number of drugs with proteins as active compounds is continuously increasing, but
their application is greatly limited, because of their poor pharmacokinetics, stability and
immunogenicity.5 However, many of these disadvantages can be reduced or eliminated by
introducing artificial residues into their backbones.

Our goal was to explore the feasibility of -amino acid substitutions in a complex,
protein-sized -sandwich model. Betabellins, a model protein family were chosen as
templates, which are de novo designed, 64-residue -sandwich proteins stabilized by the
dimerization of two identical monomeric chains.6-9 First, we introduced -amino acid
mutations in the hydrophobic core of the -sandwich to investigate the effects and
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tolerability of diverse side chains by using homologous 3- and conformationally
constrained cyclic -amino acids. We also studied the effect of cyclic -amino acid
substitutions in the peripheral strands of the protein templates with a focus on multiple
aspects of structural stability: thermodynamic stability (free energy of reversible
unfolding), thermal stability (thermal and cold denaturation), and stability against
uncontrolled aggregation.
We employed circular dichroism (CD) spectroscopy to assess the overall and
temperature-dependent folding propensity, NMR chemical shift analysis for residuelevel structural information, and molecular dynamics calculations for modeling and
explaining the side-chain dependent folding behavior. Aggregation tendency was
monitored using NMR signal levels and transmission electron microscopy experiments.
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2. Literature background
2.1. The mimicry of biological macromolecules
Nature relies on different macromolecules to carry out complex biochemical
processes that are needed for life. These sophisticated functions like molecular
recognition, catalysis, directing the flow of electrons, or synthetizing other
macromolecules require a precise three-dimensional arrangement of functional groups,
so they can be carried out only by molecules exhibiting higher-order structure.10 Nature
employs mostly proteins and sometimes RNA for these crucial tasks, as they are unique
relative to other biological and synthetic polymers in that they can adopt
thermodynamically stable and kinetically controlled conformations.1
Successful mimicking the bioactive conformation of proteins is a long-standing
goal of chemical science, related to designing inhibitors of protein interactions as well
as to understand the principles lying behind the process of acquiring the bioactive
conformation, i.e. folding. The term “foldamer” was defined by Gellman to describe
any polymer with a strong tendency to adopt a specific compact conformation
corresponding to the secondary and tertiary structure of proteins.1 Protein tertiary
structure arises from the assembly of regular secondary structural elements, helices,
sheets and turns, thus the first step in the design of foldamers had to be the search for
new backbones exhibiting secondary structural preferences. As the peptide bond is a
good pillar for noncovalent interactions, many of these new backbones stem from the
modification of the natural peptides, like

D-peptides,

peptoids, - and -peptides,

azapeptides, oligoureas, and aromatic oligoamides (Scheme 1).11
In a similar fashion to natural self-assembling macromolecules, shape,
complementary electrostatic interactions, solvophobic effects, and the formation of Hbonds govern the folding process of non-natural polymers.1,

12

However, the

contribution of the individual interactions and driving forces to the process of selforganization depends on the nature of the building blocks, and thus great diversity can
be achieved even at secondary structural level.11
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Scheme 1. Representative examples of selected foldameric backbones

2.2. Peptidic foldamers
Closest to the natural peptides are the peptidic foldamers such as - and -peptides,
where additional methylene groups are introduced into the backbone between the
peptide bonds. Peptidic foldamers can either be constructed exclusively from unnatural
building blocks or by mixing natural and unnatural residues to form chimera /-, /-,
and //-foldamers.13-16 In this case, the H-bonding features of the peptide bonds are
retained, and the new carbon atoms introduce an additional substitution position and
stereogenic center. This enables the incorporation of proteogenic side chains as well as
extending the design space of available residues, thus side-chain interactions – such as
solvophobic effects, electrostatic attractions/repulsions and disulfide bridges – can be
tailored. The additional carbon atoms in the backbone greatly increase the
conformational space, offering a wider range of secondary structural motifs (Figure 1).
However, control over the stereochemistry of the backbone also gives a degree of
control over the conformational preferences.17 This also enables the precise orientation
of pharmacophore anchor points.
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Figure 1. Examples of the diverse -peptide secondary structures

Peptidic foldamers are also promising alternatives of natural peptides due to their
higher folding propensity resulting in stable folds with much shorter sequences than
those of -peptides.2,

18

Due to shorter chain length, their synthesis, purification and

characterization is less challenging compared to antibodies produced by recombinant
techniques.19 Their size is much smaller compared to the average size of antibodies (150
kDa) or even smaller antibody mimetics such as DARPins, aptamers and affibodies (10
kDa); stable fold can be obtained even with foldamers below 1-2 kDa.20, 21 This feature
also enhances the chance of evading immune reactions: it was shown that immune
receptors capable of recognizing -peptidic sequences do not necessarily cross-react
with / peptide analogs.22 Another advantage of non-natural peptide sequences is that
proteolytic enzymes cannot recognize them, and incorporating -amino acids in an peptide sequence greatly increases stability against proteases; half-life can be 10–20
times longer if 25–30% of the -residues are replaced.23-27
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2.2.1. Design of secondary structures
The first step in the mimicry of protein folding is the design of the constituent
secondary structural elements. Although the secondary structure of peptidic foldamers is
determined by the same principles as of natural peptides – local conformational
preferences, hydrogen bonds, electrostatic and hydrophobic interactions –, the rules
governing these interactions depend greatly on the backbone and side-chain chemistry
of the polymer. An altered backbone particularly affects side-chain conformational
restriction, which is the main force to compete with attractive interactions.28
Initial approaches were aimed at identifying backbones that favored helical
secondary structures, because helices are generally simpler to devise;1 this is also
reflected by the number of soluble helix models in contrast to soluble sheet models.
Protein helices are stabilized through a periodical main-chain H-bond network, where
nearest-neighbor H-bonding is unfavored.29 The additional carbon atom offers the
possibility to incorporate the amino acid backbones into rings, which gives a high
degree of control over the conformational preferences without blocking the H-bonding
sites. The rigidified backbone can force the backbone to adopt a favored conformation,
inherently

promoting

the

folding

process.

Homopolimers

of

trans-2-

aminocyclohexanecarboxylic acid and trans-2-aminocyclopentanecarboxyilc acids were
described first, forming 14- and 12-helices, respectively.30, 31 Open-chain 3-homologs
of proteinogenic amino acids showed also a strong tendency to adopt helical
conformation.32 The shape and H-bond pattern of helices were found to depend on the
properties of the residues, and the formation of 8-, 10-, 10/12-, 14/16-, 18 and 18/20helices has been observed with the introduction of different monomers.17, 33-36 Chimeric
/- and /-peptides exhibit even more diverse helix types.37-39 The analysis of the
conformational preferences in helical peptidic foldamers revealed that the signs of the
backbone dihedral angles and amide bond orientations are directly controlled by the
absolute configuration of the residues. The signs of the torsions flanking the amide
bonds are crucial in inducing secondary structures, thus backbone stereochemistry gives
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direct control over conformational preferences. This allows the rational design of not
only helical scaffolds, but also of extended strands.17
The mimicry of the -sheet secondary structure is less straightforward, as both
sheet and turn segments need to be designed into the sequence. The H-bond network of
sheets also makes these structures prone to aggregation; hence, suitable capping
strategies need to be devised. The standalone constituents of -sheets, extended strandlike structures, turns and hairpins have been successfully designed,40-46 but the
construction of -sheets with multiple strands is a great challenge. The side-chain
structure of turns can be mimicked with → 2/3 or 2,3 substitutions, but it was
shown that they are not well tolerated in more complex systems.47 Systematic 3- and
ACHC-substitutions were done in the three-stranded Anginex structure, revealing that
lipid-induced folding behavior as well as biologic activity can be retained with
peripheral replacements (Figure 2a).48,

49

Another approach utilized amyloidogenic

sequences to promote -sheet formation while using N-methyl amino acids to suppress
H-bond formation, thus preventing aggregation. The structure was further stabilized by
the formation of a macrocycle (Figure 2b).50

Figure 2. Design strategies for the mimicry of -sheets. a) systematic 3- and ACHC-replacements in the
three-stranded anginex structure. b) Macrocycle formed by two amyloidogenic peptide strands;
aggregation was suppressed with N-methylation.
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2.2.2. Design of tertiary and quaternary structures
The design of tertiary structures requires the cooperative interaction of different
secondary structural elements. Even if the individual secondary structures have
sufficient stability, extending the cooperation to the tertiary and quaternary structural
level is challenging. In general, there are two design strategies to construct foldameric
structures. If the rules governing the folding process are well established, sequences can
be de novo designed to fold into the desired conformation. This “bottom-up” approach
was utilized to build a great variety of secondary structural elements, but an explicit set
of rules for the cooperative folding of tertiary structures is not available. Another
approach is to introduce systematic backbone alterations into an existing model system,
and to explore the changes in the folding behavior. This “top-down” approach allows
the identification of tolerated replacement patterns, and is suitable for the design of
larger structures.
One of the simplest higher-ordered structures is the helix bundle, and with stable,
rationally designable -peptide helix scaffolds at hand, the first approaches were aimed
towards this quaternary structure. The controlled self-association of an amphiphilic peptide helix was shown,51 while other approaches used disulfide linkage to promote the
interactions between the helices.52 The bottom-up strategy was employed for individual
helices to assemble via designed salt-pair and hydrogen-bond interactions, displaying a
solvent-excluded hydrophobic core.53 Natural helix bundles were used as templates for
the design of /-peptide helix bundles.54, 55 A systematic study of / helix bundles
showed that cyclic -residues are generally well-accommodated in the helix-bundle
quaternary structure, but these replacements can be destabilizing in certain instances.56
Some of the structures exhibited protein-like functions like carbohydrate recognition,
metal binding or catalysis.57
Linking two helices with a turn segment (helix-turn-helix motif58) is another
approach toward a tertiary structure, and a single chain that displays cooperative folding
is closer to the mimicry of protein-like folding behavior. The first design utilized 15mer
peptoid helices with the inherent ability to assemble and used chemical conjugation to
construct single-chain 30-, 45- and 60mer helix bundles, which displayed compact
structures.59 A large (>8 kDa) dimeric helix bundle was constructed by linking two
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oligoamide helices with an ethylene glycol spacer.60 Thioester-linked  + / helices
were used to study the side-chain preferences on the helix interfaces regarding the
foldameric subunit.61 A novel turn-inducing motif (‐hGly‐D‐Pro‐Gly‐‐hGly) was
used to tether short -peptide helices with xylose-based side chains, resulting in a stable
fold with only 11 residues.62 An aromatic oligoamide foldamer was recently designed
with computational methods to cooperatively fold into a helix-turn-helix tertiary
structure, while removal of the turn unit facilitated association into dimeric or trimeric
helix bundles.63
The mimicry of tertiary structures involving -sheets was attempted only via the
top-down approach. The B1 domain of protein G from Streptococcus bacteria (GB1)
was presented as a suitable model system, containing both helix, turn and -sheet
secondary elements.64 Different modification strategies were employed for the different
structural motifs, based on observations with secondary structures: homologous 3amino acids in the helix, C-Me or D- residues in the turns, and N-Me- residues in
the sheet segments (Figure 3a). Though individual modifications destabilized the fold
only slightly, and alterations could be combined with near-additive effect on folding
energetics, the overall folding of the resulting oligomer was low.47 Systematic  → 
amino acid replacements in the helical segment revealed that replacing -residues with
-residues enthalpically unfavorable and entropically favorable to the thermodynamic
stability of the tertiary fold, and incorporation of cyclic -residues lower the entropic
cost of folding.65 Diverse backbone modifications were carried out in the strands of the
-sheet involving N-methylated -, vinylogous 4-, and cyclically constrained -residues
(Figure 3b).66 The study revealed the sensitivity of the hydrophobic core to mutations,
as cooperative folding behavior was retained only when the mutations were carried out
in the edge strands or next to the turns. The same strategies were used in constructing
foldameric analogs of the third zinc finger of specificity protein 1 (Sp1-3, Figure 3c),
which were shown to have metal binding affinities comparable or slightly superior to
that of the wild type.67 However, when modifications to the hairpin and helix were
combined with alterations to the turns, the resulting variants lost both metal-binding and
folding properties. -Residues of various types have been incorporated into diverse
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systems with tertiary folds, including helices in an engineered enzyme,68 villin
headpiece,69 as well as loops in a vascular endothelial growth factor mimic.23

Figure 3. Foldameric tertiary structures involving -sheets. a) Replacement patterns in the model system
GB1, with the different residues utilized in each segment.47 b) Modifications of the -sheet segment in
GB1 employing N-Me- and -residues. c) Design of foldameric analogs of Sp1-3.
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2.2.3. Mimicry of protein function with foldamers
Foldamers can be tailored not only to mimic the structural elements of proteins, but
to exhibit their characteristic functions, making them a potential tool in the development
of novel pharmaceutics. The diversity of proteins makes them capable of carrying out
many distinct functions, like catalysis, ion transport or identifying antigens. The basis of
these functionalities is molecular recognition, which is essential for interactions to
become specific. The surface of foldamers can be designed to recognize different
targets, including small molecules, membranes, nucleic acids, and protein interfaces
(Figure 4). Selective recognition of diverse small molecules was shown with helical
aromatic foldamers termed “molecular apple peels”.70-73 Designed -peptidic and
oligoamide foldamers exhibited DNA-binding properties,74-77 while different foldamers
based on the sequence of the Tat protein displayed high affinity towards the
transcriptional activator-responsive element RNA, which is related to the virus HIV1.78-81 Membrane-targeting antimicrobial foldamers were designed by mimicking hostdefense peptides, as well as for the purpose of cell penetration.82-87
Protein–protein interactions (PPI-s) are important pharmaceutical targets, but small
molecules were mostly found to be unable to interact with the large and flat surfaces
involved in PPI-s.88, 89 Foldamers have been designed to interact with a wide range of
proteins including, but not limited to, different tumor-regulators hDM290-96 and Bcl2,97-101 the HIV-related gp-41,102-105 targets related to Alzheimer’s disease,
number of G protein-coupled receptors.

109-115

106-108

and a

The design of these foldamers was based

either on the analysis of the protein interaction surface or used the interacting partner as
a template. Fragment- and library-based strategies can be employed when only limited
structural information is available.
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Figure 4. Examples of molecular recognition with foldamers. a) Encapsulation of water in an oligoamide
helix. (b) Design approach of DNA-recognizing -peptides. (c) Protein targeting based on the analysis
and mimicry of the hot-spot residues involved in a protein–protein interaction.

2.3. Standalone -sandwich models
Standalone -sandwiches are representatives of tertiary structure model systems.
The de novo design of such systems is very challenging; therefore, only a small number
of such constructs have been described in the literature. Computational methods were
used to design the sequence of a β-sandwich model peptide called betadoublet, which
consists of two identical four-stranded -sheets assembled via disulfide bridge to form a
hydrophobic core. The 33mer monomeric sequence was expressed in E. coli and
subsequently dimerized. Structure analysis revealed a compact structure with ≈62% sheet content and protein-like melting behavior, but it was concluded that truly nativelike structure was not present.116
The betabellins (BB-s) are a series of 32-residue peptide sequences that have been
designed de novo to fold into four-stranded -sheets by virtue of a palindromic pattern
with alternating polar and nonpolar side chains and turn-inducing D-amino acids. Their
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structure displays a hydrophobic and a polar face upon folding (Figure 5a-b).
Hydrophobic effects between the sheets can be enhanced by linking two betabellin
monomers with a disulfide bridge through the Cys21 residues resulting in 64-resiude
dimeric -sandwich structures (Figure 5c).7-9 The different BB sequences displayed
various structural behaviors; BB-14 showed no aggregation, whereas BB-15 formed
unbranched amyloid-like fibrils and BB-16 formed broad ribbons, both at increased
ionic strength. The structures displayed high -sheet content and protein-like folding
behavior, but high-resolution structural data were not obtained because of the transient
nature of the fold.

Figure 5. The designed structures and sequences of monomeric betabellin-14 (a) and betabellin-15 (b).
Residues on the hydrophilic and hydrophobic face are indicated with blue and black, turn-inducing Dresidues are indicated with brown, respectively. The proposed structure of betabellin dimers (c).

2.4. Stability of proteins
The stability of proteins is a fundamental issue in all biological systems because
unfolding usually prevents the biomolecule to carry out its designated role, and in many
proteins, the difference in the stability of the folded and the unfolded species is only a
few kcal mol-1.117 The stability must be large enough for the protein to prefer its native
conformation over other conformations, but not so high that conformational flexibility
is restricted. Rigidity at the strand edges of a protein can result in a conformation rich in
misfolded -sheets leading to uncontrolled aggregation, which in turn is known to
initiate various pathological conditions (Figure 6).118 Aggregation also presents
concerns in

terms of expressing and purifying proteins

biopharmaceutical products unfit for release.119, 120
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and

can render

Figure 6. The effect of folding propensity on protein stability. The stability of the fold must be high
enough to prefer the natural conformation, but too high -sheet propensity may lead to aggregation.

The denaturation of proteins due to heat is a clear concept, hence thermal resistance
defined by the melting temperature (Tm) is the most often regarded when determining
the stability of a protein. Cold denaturation is a property utilized less ferquently, even
though it is an inherent property of proteins. The mechanism behind cold denaturation is
the entrance of water into the hydrophobic core of the protein resulting from the
weakened hydrophobic interactions.121 Another quantity regarding protein stability is
thermodynamic stability, generally defined as the difference in free energy between the
folded and unfolded species (G).122 This quantity can be judged by examining the
protein stability curve, which is the free energy of unfolding as a function of
temperature.65, 123, 124 However, calculating the stability curves for a protein under all
experimental situations is difficult. The most common techniques to monitor changes in
the protein as it unfolds are CD, fluorescence spectroscopy, and NMR. When used to
describe protein stability, both Tm and G have shortcomings, but the main problem is
that there is a very little correlation between them in a general case. Szyperski et al.
have shown that if it is possible to observe both cold and heat denaturation for a given
protein, the fitting of the thermogram leads to a reliable determination of the stability
curve.125 A limitation to this method is that cold denaturation is rarely observed in wildtype proteins as most of them exhibit cold denaturation well below water freezing.
In order to prevent edge-to-edge aggregation, natural -sheet proteins employ
negative design elements for edge protection.126 Some fold types, like -barrels of propellers are protected by the inherent shape of the fold, and -helices cover their ends
with loops. The dominant blocking strategies for single -sheets and -sandwiches are

14

inward-pointing charged residues and different types of -bulges,127 which form a
protrusion and prevent H-bonding between two edges. Other possible methods are the
use of prolines, short strands, and glycines in Lconformation.126 Several artificial
edge-protection methods were designed like incorporating N-methyl amino acids,128-130
making a -bulge

by replacing hydrophobic amino acids with lysine131 or using

aromatic -sheet mimetics.132
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3. Experimental
3.1. Synthesis and purification of peptides
All materials, except Fmoc-protected ACEC and ABHC, were commercially
available. The synthesis and characterization of these building blocks have been
described in the literature.18, 133 Tentagel R RAM resin (0.18–0.2 mmol g-1) was used as
the solid support and HATU as the coupling reagent. Couplings were performed by
microwave irradiation of an amino acid excess of 3 equivalents at 75 ˚C for 15 min for
-amino acids, and for 30 min for -residues. Histidine and cysteine were coupled at 50
˚C. Peptides were cleaved with TFA/H2O/DTT/TIS (90:5:2.5:2.5), and then precipitated
in ice-cold diethyl ether. The resin was washed with acetic acid and water, and
subsequently filtered and lyophilized. Peptides were purified by RP-HPLC on a C4
column (Phenomenex Jupiter, 4.6 × 250 mm). The HPLC eluents were (A) 0.1% TFA
in water and (B) 0.1% TFA and 80% ACN in water, with a gradient from 25 to 55% B
over 60 min at a flow rate of 4 mL min-1. Dimeric peptides were obtained by air
oxidation of the purified peptides (5 mg mL-1) in 20% DMSO/water at 37 ˚C for 24 h.134
The samples were diluted with water and purified analogously to the monomer peptides.
Their purity was confirmed by analytical RP-HPLC and ESI-MS measurements.

3.2. Circular dichroism measurements
Circular dichroism measurements were performed by using a Jasco J-815 CDSpectrometer. CD spectra were recorded by using a thermally jacketed 1 mm quartz
cuvette, from 250 to 190 or 195 nm, at a scan speed of 100 nm min -1, with 10
accumulations. Compounds were dissolved in Na-phosphate buffer (pH 6.5), and with
peptide concentrations of 100 M and 50 M for monomeric and dimeric peptides,
respectively. For thermal control, a Julabo water thermostat was used with a 10-min
equilibration time at each temperature. The solvent baseline was subtracted. Convex
constraint analysis deconvolution of the CD curves was carried out with the CCA+
program.135-137 In the case of aggregation-prone compounds, the stability of the peptide
concentration was monitored via measuring OD at 280 nm with a Shimadzu UV-1800
spectrophotometer.

16

3.3. NMR experiments
NMR spectra were recorded on a Bruker Avance III 600 MHz spectrometer
equipped with a 5-mm CP-TCI triple-resonance cryoprobe at 298 and 308 K.
Compounds were dissolved in d18-HEPES buffer (20 mM, pH 6.5) containing 10%
D2O and 0.02% NaN3. The concentrations of the peptides were 500 μM and 250 μM for
monomeric and dimeric peptides, respectively. For referencing, 4,4-dimethyl-4silapentane-1-sulfonic acid was used as an external standard. Resonance assignment
was performed according to the sequential assignment methodology based on 2D
homonuclear TOCSY and NOESY. All spectra were acquired with the excitation
sculpting solvent suppression pulse scheme with 2048 time domain points and 512
increments. TOCSY measurements were made with homonuclear Hartman–Hahn
transfer with a mixing time of 80 ms, using the DIPSI2 sequence for mixing. The
number of scans was 16. The NOESY mixing time was 200 ms and the number of scans
was 32. For assignment of the
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C resonances, 2D heteronuclear
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C-HSQC spectra

were acquired under the same sample conditions as the homonuclear experiments, but
the buffer was prepared in D2O. Processing was performed using Topspin 3.5 (Bruker),
a cosine-bell window function, single zero-filling and automatic baseline correction.
The spectra were analyzed by Sparky 3.114 (T. D. Goddard and D. G. Kneller,
University of California, San Francisco).
SSP scores were calculated using the SSP software.138 The refDB random coil
reference set based on the chemical shifts of properly referenced known protein
structures was used. For the dimer structures, the built-in reference set for cysteine
residues was replaced with the corresponding values of oxidized cysteine described in
the literature.139 The resonances of the β- and

D-α-residues

were excluded from the

calculations, because of the lack of reference values. Although neighborhood effects of
the β- and

D-α-residues

on the adjacent α-residues cannot be ruled out, our earlier

observations demonstrated no major systematic influence preventing the chemical shift
analysis.48, 49
The salt-dependent aggregation of the compounds was tested by measuring the
NMR-visible 1H signal intensity at various NaCl concentrations; 16 and 18 (Figure 17)
were dissolved in the same buffer at a concentration of 250 μM, and the 150-μl samples
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were titrated with 1-μl aliquots of a concentrated NaCl solution (3.0 M) resulting in a
sample series with NaCl concentrations of 20, 40, 60, 80, 100 and 120 mM. The 1D 1H
NMR spectra were acquired for all conditions, and the aliphatic regions were integrated.
The integrals were corrected for sample dilution and sensitivity loss caused by high salt
concentration with the signal attenuation of a reference sample (2 mM glucose).

3.4. Transmission electron microscopy
250 μM solution of the peptide in phosphate buffer (20 mM, pH 6.5) containing
150 mM NaCl was placed on formvar-carbon-coated 400-mesh copper grids (Electron
Microscopy Sciences, Washington, PA) and stained negatively with uranyl acetate. The
aggregates were characterized by TEM on a JEOL JEM-1400 transmission electron
microscope (JEOL USA Inc., MA, USA) operating at 120 kV. Images were taken with
EM-15300SXV, SightX Viewer Software (JEOL) routinely at magnification of ×25000.

3.5. Molecular modeling
Molecular structures of the peptides were generated with Schrödinger’s Maestro
and CCG’s MOE. The folded -sheets were aligned according to the facing reported for
betabellin-14.6 Molecular dynamics simulations were run using the GROMACS
molecular dynamics software with the AMBER ff03 force field extended to -amino
acids.140 The peptides were solvated in a cubic box using TIP3P explicit solvent model.
The net charge of the peptides was neutralized by adding Cl– counter ions. The energy
was minimized using the steepest descent algorithm. The system was then heated to 300
K during a 100 ps constant volume simulation with 1 fs time step. The pressure was
then equilibrated to 1 atm during a 100 ps NPT simulation with 2 fs time step.
Production runs were 150 ns simulations for all sequences with a step size of 2 fs.
Temperature coupling was done with V-rescale algorithm. Pressure coupling was done
with the Parinello–Rahman algorithm. The structures were clustered with the gromoss
method using 0.1 nm cutoff for alpha carbon RMSD.141 Average solvent-accessible
surface area (SASA) was calculated through the trajectory for each residue. The
maximum allowed SASA values for amino acids were calculated using Gly-Xxx-Gly
tripeptides as a host-guest system. Solvent exposure was calculated as the fraction of the
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folded and the maximum surface area of each residue. The presence of hydrogen bonds
was determined with 0.35 nm cutoff radius and 30° cutoff angle.
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4. Results and discussion
4.1. Core -amino acid mutations in the -sandwich model protein
betabellin-14
4.1.1. Design approach
In order to study the folding behavior of a protein-sized foldameric scaffold, we
intended to use a top-down approach by using a suitable -sandwich model protein as
template and introduce -amino acid mutations into its sequence. Betabellin-14 (BB-14)
consists of a 32-residue palindromic pattern of polar (p), nonpolar (n), end (e), and turn
(t, r) residues (Figure 7a). When -turns are induced with D-Lys-D-Ala (tt) and D-Ala-DLys (rr) segments, the sequence tends to fold into a four-stranded amphiphilic -sheet.9
The hydrophobic interactions can be enhanced by linking two betabellin chains through
a disulfide bridge involving the Cys21 residues. This enforces the intermolecular
interactions between the sheets and promotes -sheet formation. The resulting 64residue -sandwich is the size of a small protein, and shows protein-like structural
behavior. BB-14 was selected as template for two reasons: i) its high water-solubility
suggested low or no aggregation propensity, and ii) its folding greatly depends on
dimerization, which facilitated the study of the effects of mutations on the inducibility
of the folding. For the -amino acid substitutions, we chose residues I12 and A19 as
mutation points on the hydrophobic face of the -sandwich, as these core substitutions
may have a major effect on the folding process. These residues are situated in isolated
positions to let the -residues accommodate their local environment and to minimize the
interaction and steric clash between the substituted amino acids (Figure 7b). We found
earlier that 3-residues with large hydrophobic side chains tend to attain a gauche
backbone conformation in a -sheet environment, but no studies were carried out in a
hydrophobic core isolated from the solvent.48 To test the effects of the conformational
constraints, we also synthetized analogs containing cyclic -amino acids. In accordance
with the rules of the stereochemical patterning approach, cis-backbone arrangement
(with configurations of R and S at the - and -carbons, respectively) was applied for
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the optimized interstrand H-bond network. It was demonstrated previously that a steric
clash between bulky side chains can exert a major influence on the secondary structure,
because the hydrophobic core is only stable – shielded from the solvent – if the side
chains are tightly packed.35 This means that the steric fit of the side chains is another
important factor to optimize; therefore, we selected cyclic -residues with various steric
requirements (Figure 7a): (1R,2S)-2-aminocyclopentanecarboxylic acid (ACPC),
(1R,2S)-2-aminocyclohexanecarboxylic acid (ACHC), (1R,2S)-2-aminocyclohex-3enecarboxylic acid (ACEC) and (1S,2S,3R,5S)-2-amino-6,6-dimethylbicyclo[3.1.1]heptane-3-carboxylic acid (ABHC).

Figure 7. The amino acid sequence and palindromic design (gray) of the betabellin-14 analogs studied
(a). Residues are coded with the standard one-letter -amino acid notation; lower-case letters indicate D-amino acids. Schematic representation of the -sandwich fold of the betabellin-14 monomer with the
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selected positions for the mutations (highlighted in gray) (b). Constituent strand segments are designated
by capital letters A–D.

4.1.2. Dimerization-induced -sheet formation
We used CD spectroscopy to monitor the overall propensity of the betabellin-14
analogs to attain a specific secondary structure. The possible effects of -amino acid
substitutions on CD signals were not exactly known a priori. However, the analogs
contain only 6.25% -residues and, therefore, the CD curves were expected to resemble
those of natural peptide sequences. The experimental conditions were chosen so that the
solubility of the peptides was maintained and the background absorbance and noise
were kept low. Therefore, experiments were carried out in Na-phosphate buffer at pH
6.5 using a peptide concentration of 100 M for the monomeric compounds, and 50 M
for the dimeric compounds so that the absorbances were at the same level.

Figure 8. a) Mean residue ellipticities (MRE) obtained for monomeric betabellin-14 (1) and the /peptidic analogs 2–6, indicated in gray, green, yellow, red, blue, and black, respectively. b) MRE curves
obtained for dimeric betabellin-14 (7) and /-peptidic analogs 8–12, indicated in gray, green, yellow,
red, blue, and black, respectively.

The spectra recorded for the parent sequences 1 and 7 were in accordance with
literature observations, although the characteristic CD curve of the -sheet was
observed in the monomeric form already (Figure 8a), but dimerization through the
disulfide bridge further increased the -sheet content. The /-analogs 2–4 and 6
yielded distorted U-shaped CD curves with an intense negative band at around 199 nm,
and a lower-intensity band at around 220 nm, suggesting mostly disordered
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conformations (Figure 8a). Dimerization resulted in marked changes in CD responses:
the negative band disappeared or became less dominant for all sequences (Figure 8b).
The ACEC-containing analogs displayed contrasting CD spectra: a positive Cotton
effect was observed for 5, whereas 11 exhibited inversion and an intensity decrease.
This could be explained in terms of the exciton coupling to the side-chain double bond,
based on similar anomalous CD behavior observed earlier for helical -peptide
foldamers containing the ACEC residue.18 Overall, these changes suggested formation
of ordered conformational states upon dimerization.
A CD spectrum is the weighted sum of the component spectra of the secondary
structure elements, and the curves observed are, therefore, very sensitive to the
conformational ensemble, and visual inspection may be misleading. In order to extract
quantitative information, a convex constraint analysis deconvolution135 was carried out
simultaneously on all spectra recorded for this study, with the exceptions of those
recorded for the peptides containing ACEC building blocks (5 and 11). This approach
calculated the pure component spectra and their weights without making use of any
input basis spectrum or structural hypothesis. The normalized residual mean square
deviation between the fitted and the experimental curves averaged over all included
compounds was 3.94%, which indicated acceptably low fitting error. The protocol
produced three spectra as base components (Figure 9a), to which we assigned secondary
structural elements based on their similarity to reference CD curves of pure secondary
structures.142 The first component exhibited a minimum around 217 nm resembling the
characteristic CD curve of -sheets. The second component had a minimum around 195
and was assigned as the disordered conformation. Assigning the third component was
less straightforward: we determined it as the contribution of -turns formed by the D-amino acids.136 The corresponding coefficients estimated the contributions of the
components, and so the percentages of the secondary structure content were obtained
(Figure 9b). The -sheet content of the parent -peptide sequences (1 and 7) changed
from 43% to 67% upon dimerization indicating the stabilizing effect of the enhanced
hydrophobic interactions in the disulfide-stabilized -sandwich.
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Figure 9. a) The three pure components of the CD spectra calculated by convex constraint analysis
algorithm. Secondary structure elements: disordered (red dotted), -turn (green solid), -sheet (blue
dashed). b) Secondary structure contents calculated by using the convex constraint analysis algorithm for
the CD curve deconvolution. -sheet, -turn, and disordered components are indicated in black, gray, and
white, respectively.

The analysis revealed that the /-peptides are mainly disordered in the monomeric
form, and the -sheet content varied in the range of 4–24%. On the other hand, the
dimerization increased the -sheet ratio to the range of 34–47% for 8–10. In both cases,
the highest -sheet ratio was observed for the analog containing ACHC building blocks
(4 and 10). In contrast, the sequence containing the bulky ABHC residues (12) indicated
a decrease of -sheet content after disulfide bridge formation, pointing to the presence
of a steric clash. The -turn contents for 1 and 7 were found to be 23% and 25%, which
were in line with the nine residues forming the three-turn structures (28%). The closest
ratios to these reference values were observed for 9 (28%) and 10 (27%), whereas 8 and
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12 displayed marked deviations. These findings supported our hypothesis that, despite
the destructuring effects of the -residue mutations, -sheet formation remains
inducible, if the hydrophobic interactions are at least partially maintained. In this case,
the stabilization effects of the forced -sandwich formation proposed originally for
betabellin-14 were able to push the /-sequences toward the -sheet fold.

4.1.3. Structural propensity at the residue level
The chemical shifts of the backbone nuclei depend on the dihedral angles  and 
that is they are affected by the secondary structure.143 NH, H, C and N chemical shifts
exhibit a downfield shift, whereas C chemical shifts exhibit an upfield shift relative to
a disordered reference upon -sheet formation and the opposite change is observed for
helices.144 The difference between the experimentally determined and a set of random
coil chemical shifts ( – rc) defines secondary chemical shifts, which can be used to
detect transiently formed secondary structures.145-147 Homo- and heteronuclear NMR
spectra were recorded and assigned for the monomeric and dimeric sequences in natural
abundance under optimized conditions (HEPES buffer, 500 µM, 298 K) (Figure 10).
Homonuclear TOCSY and NOESY spectra were used to assign NH and H chemical
shifts, heteronuclear 13C and 15N HSQC to assign C and C and N chemical shifts. 13C
HSQC was measured in pure D2O with identical buffer composition in order to assign
C chemical shifts by eliminating the water signal. In this way, the majority of the
chemical shifts were assigned except for NH and N chemical shifts for His1 and Ser2.
All identified 1H, 1HN,
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C, 13C and 15N resonances were included in the secondary

chemical shift analysis. The set of secondary chemical shifts was combined into the
secondary structure propensity (SSP) score, which was calculated by using the ssp
software.148 This score gives a semiquantitative measure of the residue-level secondary
structure distribution along the chains. The resonances of the - and D--residues were
excluded from the calculations, because of the lack of reference values. Although
secondary structure-independent neighborhood effects of the - and D--residues on the
magnetic environment of the adjacent L--residues cannot be ruled out, our earlier
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observations indicated no major systematic influence preventing an analysis of the
secondary structure trends.48

Figure 10. Representative NMR spectra of 1. The full set of spectra can be found in the supporting data
of the original article, DOI: 10.1002/chem.201405581
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The set of negative SSP scores obtained for the monomeric parent sequence 1 was a
good indicator of the -sheet tendency in line with the CD results (Figure 11a, grey).
The largest -sheet content was found in segment B. As seen in the CD spectra,
dimerization through disulfide formation in 7 increased the -sheet content, which is
displayed in the decreased SSP scores along the chain (Figure 11b, grey). The change in
-sheet propensity was the most pronounced in strand C containing the tethering Cys2
residues, and propagated to strands B and D. This indicated that the forced hydrophobic
interactions are effective at stabilizing the core of the -sandwich. The residue-level
results also confirmed betabellin-14 as a useful inducible -sandwich model. For
monomeric analogs 2–6, the SSP score increase around the -residues (positions 12 and
19) reflected the local disorder caused by these mutations, supporting the CD findings.
The destructuring pattern of the -residues was also observed for the dimeric /peptides 8–12, but the disulfide bridge increased the -sheet content in segment C up to
the values observed in segment B. This enhancement effect was side-chain-dependent.
In order to study the dimerization-induced structural changes, we calculated the
differences in the SSP scores of the monomeric and dimeric compounds (Figure 11c).
This representation eliminated the influence of the reference chemical shifts and the
data depict the dimerization-induced -sheet enhancement along the sequences as
concerns the L--residues. For the -turns of the D--residues, secondary structure type
changes cannot be directly assigned to the values, but the SSP scores can be compared
with those for the parent sequences. It is clear from this analysis that the dimerizationinduced -sheet enhancements are present for the /-sequences except for the ABHCcontaining sequence 12, which displayed similar behavior in the CD experiments.
Interestingly, the largest increases were observed in the proximity of the -residues in
position 19, indicating the inherent ability of the -residues to fit into a -sheet
environment if extra stabilization is introduced. The best results were obtained with
derivative 10, which displayed SSP scores in segment C similar to those for the parent
sequence. The residue-level -sheet enhancements, however, were mostly located at the
tethered segment C in the /-analogs, which suggested that the propagation of the
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stabilization effects to the neighboring strands was less efficient as compared with 7.
These results suggested that side-chain bulkiness and the preferred arrangement of
backbone torsions at the -residues had profound effects on the -sheet packing and,
thereby, on the stabilization of the fold. The residual flexibility of this sensitive system
and the signal overlaps in the 2D 1H-homonuclear spectra did not permit the assignment
of diagnostic NOE interactions. We also attempted to crystallize 7 and 10 to obtain
high-resolution structural data via X-ray crystallography, but none of the conditions
tested resulted in suitable crystals.

Figure 11. Residue-level secondary structure propensity (SSP) scores calculated on the basis of the 1H,
1
HN, 13C, 13C and 15N NMR chemical shifts. SSP scores obtained for monomeric BB-14 (1) and /peptidic analogs (2–6), indicated in gray, green, orange, red, blue, and black, respectively (a). SSP scores
measured for dimeric BB-14 (7) and /-peptidic analogs (8–12), indicated in gray, green, orange, red,
blue, and black, respectively (b). SSP score differences including D--residues obtained upon
dimerization (c) are color-coded by using the same scheme as given in panels (a) and (b). Difference
values hold structural meaning only for the L--residues.
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4.1.4. Thermal stability
The presence of secondary structural elements can be assessed using CD and NMR
responses, but the mimicry of protein-like folding behavior also requires the cooperative
assembly of the structure components. A certain amount of rigidity is required for a
stable fold, which is sensitive to denaturation either due to heat or cold as seen in wellfolded proteins. This is possible if the residual flexibility of the folded system is
sufficiently low, the stabilization is driven by a well-packed hydrophobic core, and the
H-bond network is mostly complete.149 Temperature-dependent CD measurements
described in the literature revealed that dimeric BB-14 undergoes thermal denaturation
with a melting temperature Tm of 58 °C.9 This phenomenon could be reproduced for 7,
but in our hands, the Na-phosphate buffer (pH 6.5) shifted Tm to 50 °C (Figure 12a and
f). Together with the cold denaturation observed below 25 °C, these findings supported
the view that 7 is stabilized by hydrophobic contacts between residues remote in the
sequence, and the thermal unfolding is cooperative, due to the tightly packed
hydrophobic cluster of the -sandwich fold. The analysis was performed for the dimeric
/-analogs apart from 11, where the shape of the CD curve was affected by the sidechain exciton coupling. We found that a thermal denaturation feature similar to that for
7 could be observed only for 10, the ACHC-containing analog, and cold denaturation
was observed as well (Figure 12d and f). Temperature-dependent increase in the -sheet
content was seen for sequences 8, 9 and 12, but the thermal unfolding phenomenon
could not be captured. This can be explained by the temperature dependence of the
hydrophobic interactions, but no denaturation takes place as the structures are not stable
enough to begin with. These findings suggest that the ACHC building block in 10 has
the structural features (local conformational preferences and side-chain shape) that are
required to maintain sufficient compactness and rigidity of the -sandwich fold, which
mimics proteins. On the other hand, the other tested -residues were not able to reach
this limit.
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Figure 12. Temperature-dependent CD curves recorded for 7–10 and 12 depicted in panels (a)–(e),
respectively. The color code for the temperature scale is given as panel (a). MRE values at 195 nm for 7
(grey) and 10 (red) (f)

4.1.5. Effect of -residues on the -sandwich packing
In order to find explanation for the side-chain-dependent folding behavior,
molecular dynamics calculations were run for the dimeric sequences 7–12. The
modeling was based on the AMBER ff03 – TIP3P force field combination, which has
been validated for the modeling of -peptidic sequences in water.140 The initial sandwich geometry for the calculation was the structure proposed in the literature for
the betabellin family.6 We performed preliminary calculations with various intersheet
orientations to confirm the proper orientation and found that the published geometry
provided the lowest solvent-accessible surface area for the hydrophobic core. Thus,
simulations were started from the proposed -sandwich fold, and the conformational
space was sampled for 150 ns. Since the /-analogs were expected to change their
overall conformations relative to the parent sequence and to display increased
flexibility, the convergence of the simulations was monitored by the rate of
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conformational cluster formation. We have found that the number of clusters reached a
plateau within the time span of the modeling, which was indicative of the acceptable
sampling of the conformational ensembles. The results obtained with sequence 7 were
in close correlation with experimental observations. Inspection of the lowest-energy
structures of 7 confirmed the target -sandwich fold with a compact hydrophobic core
(Figure 13a). The number of clusters calculated over the trajectory was 82, as the
fraying terminal introduced a degree of flexibility, which was expected from the
experimental results. For /-analogs 8–12, the number of clusters was 735, 751, 192,
430 and 414, respectively, which indicated a marked increase in flexibility relative to 7.

Figure 13. Overlay of the five lowest-energy structures obtained in molecular dynamics simulations for
sequences 7–12 in panels (a)–(f), respectively.

Nevertheless, 10 was predicted as the most rigid sequence among the /-peptides,
which fell completely in line with the CD and NMR results. Comparison of the lowestenergy structures with that of 7 revealed that the -residue mutations not only increased
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the flexibility, but also changed the overall shape of the constituent -sheets. This
deviation from the compact -sandwich fold was the lowest for 10 (Figures 13d and
14a), yielding the best compactness of the hydrophobic core (Figure 14b) and the
highest ability to maintain the H-bonding network (Figures 14c and d). In the lowenergy conformations, it was possible for the ACHC residues to form all the local
backbone H-bonds, while the steric packing of the -sandwich interior was at an
acceptable level (Figure 15).

Figure 14. Root mean square deviation (RMSD) of lowest-energy structures from the parent -sandwich
fold 7 (a). Average solvent-exposure ratio of the core hydrophobic residues in strands B and C (b). The
number of existing H-bonds in the -sheets (theoretical maximum: 36) (c). The number of H-bonds
observed for the residues in positions 12 (gray) and 19 (black) (theoretical maximum: 8) (d).

These results were also in accord with the experimental data. In the case of 8, the
solvent accessibility of the core residues greatly increased and the H-bonding network
was disrupted (Figure 14b and c). The analysis of the structures revealed that the reason
behind this is that the 3-residues introduced an overall curvature into the -sheet and
increased conformational flexibility. Interestingly, ACPC residues in 9 obtained a
degree of core shielding comparable to that of 10, but its ability to form H-bonds in the
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-sheet environment was the worst among the -residues. ACEC (11) was able to
produce low-energy structures and a level of core compactness similar to those of 10,
but its fit into the H-bonding network was less successful, as indicated by the
diminished number of H-bonds around the -residue. This may be attributed to the
effects of double bond on the ring constraint, which determines the dihedral preferences
of the backbone. Sequence 12 mostly unfolded over the simulation trajectory, due to the
steric repulsion interactions between the bulky side chains. The lowest-energy structures
retained the -sheets only partially, which resulted in solvent-exposed hydrophobic
residues and missing H-bonding network on one side of the -sandwich.

Figure 15. a) The H-bond network around the ACHC12 residue in a representative low-energy structure
of 10. b) Steric fit of the ACHC residues (van der Waals spheres) into the hydrophobic interior of the sandwich (shaded volume) in a representative low-energy structure of 10.

These findings correlated well with CD and NMR results. We found that a reduced
number of H-bonds were formed in time average around the -residues, even if the sidechain size matched those of the replaced -residues. This could explain the reduced sheet tendency and lateral propagation of order upon -sheet dimerization. The overall
stability of the -sandwich fold, however, was influenced by the residue properties in a
complex manner. These simulations suggested that local conformational fit into the sheet geometry and the compatibility with the hydrophobic core of the -sandwich were
equally important. For example, the 3-residues displayed a reduced state of
compactness around the side chains, but the backbone flexibility afforded relatively
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good contacts to the H-bonding network. In contrast, ACPC set well in the hydrophobic
interior, whereas the local conformational preferences reduced the number of H-bonds.
ABHC residues provided an extreme case, where the steric clash between the side
chains prevented the formation of the solvent-shielded -sandwich core, thereby leading
to unfolding, despite the fact that the backbone conformation was fixed and it was the
same as that for ACHC. The fit into the -sheet strands and into the hydrophobic core
were simultaneously the best for ACHC among the -residues. This resulted in
considerable -sheet content, inducibility of the structure, and protein-like thermal
unfolding behavior.

4.2. Balancing edge protection and stability of model proteins with
peripheral ACHC-substitutions
4.2.1. Design approach
According to our results with core cis-ACHC-substitutions, this residue is able to
accommodate to the -sheet environment well enough to maintain considerable -sheet
content and protein-like folding behavior. However, both SSP scores and modeling
results pointed out a local distorting effect of the -residues, resulting in the formation
of a bulge in the strands (Figure 16). As -bulges are among the most common natural
strategies to prevent edge-to-edge aggregation,126,

127

we intended to investigate the

possibility of introducing peripheral bulges via cis-ACHC-mutations to reduce
aggregation propensity.
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Figure 16. The -bulge introduced by the cis-ACHC13 residue (green) in 10.

Figure 17. Amino acid sequence and secondary structure representation of model betabellin structures (a)
and ACHC-analogs. The residues are coded with standard one-letter α-amino acid notations; lower-case
letters indicate D-α-amino acids. Squares represent the positions of peripheral cis-ACHC replacements.
The structure of cis-(1R,2S)-ACHC (b). Investigated monomeric and dimeric compounds (c).

For this work, we chose and synthesized another member of the betabellin family,
BB-15 (13 and 16, Figure 17), which was shown to form long fibrils via edge-to-edge
aggregation in dimeric form and was proposed as a useful model for studying and
inhibiting fibril formation.8 We intended to keep BB-14 as a control sequence to
observe the effect of edge mutations on stability in a system, which is not prone to
aggregation. We applied cis-(1R,2S)-ACHC (Figure 17b) mutations at the center of the
two peripheral strands (strand A and D), at positions 5 and 28. The 32-residue
monomeric and 64-residue disulfide-linked dimeric betabellins and their analogs
(Figure 17c) were synthetized and studied.

4.2.2. Dimerization-induced -sheet formation
First, we investigated the overall folding propensity of the betabellins and their α/βpeptidic analogs using CD spectroscopy. The β-sheet structure of the parent betabellin
peptide 1 was already apparent from the CD curve in its monomeric form (Figure 18a).
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Figure 18. a) Mean residue ellipticities (MRE) obtained for monomeric BB-14 (1), BB-15 (13) and their
ACHC-analogs 14 and 15 indicated in black, red, black dotted and red dotted respectively. b) Mean
residue ellipticities (MRE) obtained for dimeric BB-14 (7), BB-15 (16) and their ACHC-analogs 17 and
18 indicated in black, red, black dotted, and red dotted respectively.

In contrast, 13 and the ACHC-substituted analogs 14 and 15 exhibited U-shaped
CD curves with a negative band at approximately 199 nm, suggesting the prevalence of
disordered conformations. In accordance with our previous results obtained for the coremutated betabellin-14 derivatives, the characteristic negative band of the β-sheet
appeared at 216 nm for the dimeric compounds (Figure 18b). This indicates
dimerization-induced β-sheet folding for template 16 and the edge-substituted
derivatives 17 and 18. As seen before, the formation of 7 via dimerization had little
effect on the CD intensity indicating an inherently stable -sheet. Among the dimeric
sequences, 16 displayed the highest intensity at 216 nm, which may indicate increased
-sheet content and/or an altered overall folding pattern. To test the residue-level
folding propensities of the dimeric -sandwiches, NMR experiments were run.
Heteronuclear NMR spectra were recorded and assigned for the dimeric sequences
in natural abundance under optimized conditions (HEPES buffer, 500 µM, 298 K).
Homonuclear TOCSY and NOESY spectra were used to assign H chemical shifts,
whereas heteronuclear
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C and HSQC spectra were applied to assign C and C

chemical shifts. 13C HSQC was measured in pure D2O with identical buffer composition
in order to assign C chemical shifts by eliminating the water signal. Although

13

Cα

resonances are also sensitive to secondary structure, chemical shift analysis was
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performed only using the 1Hα and

13

Cβ resonances, because line broadening hindered

signal assignment for most sequences, especially for the flexible terminal residues.
Therefore, to obtain consistent results, 13Cα signals were omitted from the comparative
analysis. Chemical shifts were converted into residue-specific secondary structure
propensity (SSP) scores for each residue, which estimate the folding tendency at the
given positions.148 All sequences exhibited negative SSP scores along the sequence,
reflecting the overall β-sheet propensity (Figure 19).

Figure 19. Residue-level secondary structure propensity (SSP) scores calculated via 1Hα and 13Cβ NMR
chemical shifts obtained at 298 K. The SSP scores for dimeric betabellins 7 (solid black) and 17 (dashed
black) (a) and for 16 (solid gray) and 18 (dashed black) (b). SSP scores obtained for 16 at 308 K (solid
black) are also indicated in panel (b). Positive and negative SSP scores indicate regular α-helix and βsheet formation, respectively.

For the template sequence 7, the core strands B and C displayed order, while the
terminal strands A and D folded only partially into regular -strand structures.
Unexpectedly, the edge mutations in 17 had a marked effect on the folding propensity
of the core strands. Despite the limited ability of the edge strands to fold into periodic
secondary structures, there were long-range effects on the stability of the internal
strands, supporting the view that the -sandwich core made stabilizing shielding
contacts with the more solvent-exposed edge strands without their regular folding. A
similar pattern, but a less pronounced effect of the edge mutations, was observed for 16
and 18. Notably, the core and edge strands displayed a more uniform folding tendency
than did 15 and 17, which can explain the different CD fingerprints. For 16 and 18,
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NOESY contacts were clearly detected between the aromatic and aliphatic side chains
supporting the formation of the hydrophobic core, but the spectral quality did not allow
the detailed characterization of the backbone contacts. Temperature-dependent CD
measurements (see later) suggested that the -sandwiches of sequences 16–18 had
higher thermodynamic stability at approximately 308 K; therefore, attempts were made
to run NMR experiments at elevated temperatures. Successful assignment was only
possible for 16 at 308 K (Figure 19b). We found that temperature stabilized the Cterminal edge strand and that this effect propagated to the -sandwich core. This result
is in accordance with the propensity of 16 for edge-to-edge aggregation and fibril
formation.
Similar to the core-substituted compounds, the overlaps in the 2D homonuclear
NMR spectra and the residual flexibility of the peptides did not allow atomic-scale
resolution in the structural characterization of the compounds.

4.2.3. Thermal and thermodynamic stability
The folding behavior of proteins and protein-mimetic models can be assessed using
the thermal denaturation profile. Temperature-dependent CD experiments were acquired
(Figure 20a-d), and β-sheet content (MRE216) was plotted against temperature (Figure
20e-f).
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Figure 20. Temperature-dependent CD curves recorded for dimeric betabellins 7 (a) and 16 (b) and their
α/β analogs 17 (c) and 18 (d). Color code for the temperature scale is given in the inset of panel (a). To
compare the temperature-dependent β-sheet folding propensity of the compounds, MRE values at 216 nm
are plotted as a function of temperature (e) and in an enlarged region (f) with solid black (7), solid red
(16), dotted black (17) and dotted red (18).

Structural stability is often described on the basis of only the melting temperature
(Tm). A more detailed picture can be obtained upon folding via analysis of the stability
curve, which is the free energy of unfolding as a function of temperature. To obtain a
set of thermodynamic parameters, the CD-derived temperature-dependent stability data
were fitted against a theoretical model described by Privalov124 as well as Becktel and
Schellman.123 In this model, the temperature-independent heat capacity of unfolding
(Cp), the temperature of maximum stability (Ts), and the temperature-independent
components of enthalpy (Hs) and entropy (Ss) of unfolding were obtained (Figure 21
and Table 1). The maximum free energy of unfolding (Gs) and the temperatures for
cold (Tc) and thermal (Tm) denaturation could also be calculated in the analysis.121
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Figure 21. Experimental protein stability curves (free energy of unfolding) for 7 (filled red), 16 (filled
black), 17 (empty red) and 18 (empty black). The fit curves are indicated with solid red, solid black,
dashed red and dashed black for 7, 16, 17 and 18, respectively.

ΔHs
ΔSs

kJ mol-1
-1

-1

J mol K
-1

-1

7

16

17

18

10.2

11.7

8.3

7.9

13.6

12.2

16.3

15.5

ΔCp

kJ mol K

6.0

7.9

5.2

5.9

ΔGs

kJ mol-1

6.2

7.9

3.1

3.1

Ts

˚C

25.8

39.1

41.8

41.7

Tc

˚C

0.7

14.1

21.6

23.0

Tm

˚C

50.3

63.8

60.4

59.1

Table 1. Thermodynamic parameters of unfolding obtained from the stability curves.

The temperature-dependent CD experiments revealed protein-like denaturation
behavior for all -sandwich mimetics, where both thermal and cold denaturations were
observed. This curvature of the stability curve is a result of positive Cp, which is
strongly connected to the solvent-mediated cooperative unfolding transition via
disruption of manifold of weak interactions and solvation of the polar and non-polar
groups.150,

151

The edge ACHC replacements uniformly decreased the maximum

stabilities (Gs) for the / sequences, but this loss of thermodynamic stability still
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affords maximum folded populations above 82% for both 17 and 18. On the other hand,
the edge ACHC replacements in 17 shifted Ts to a considerably higher temperature,
which led to a marked increase in thermal stability and the appearance of cold
denaturation at room temperature. Sequences 16 and 18 displayed only a small
difference in Ts, whereas room-temperature cold denaturation was also observed for 18.
Cold denaturation occurs through the effective solvation of apolar side chains by water
at low temperatures. This process can be promoted by the frustrated electrostatic
interactions and the increased solvent accessibility of the hydrophobic core (trapped
water). As the modeling results for 10 showed, the H-bond network and back-bone
curvature around the ACHC residue are geometrically distorted, which certainly
increase the solvent accessibility in the folded state. This is in line with the NMR
findings of this work. The Cp per-residue value for the unfolding of native proteins is
in the range 42–84 J mol-1 K-1,152 and it is increased by the percentage of the buried
non-polar surface and the satisfied H-bonds in the folded state. Betabellins are designed
to have a high ratio of buried non-polar side chains, and thus the parent sequences
displayed Cp per-residue values of 93.8 and 124.0 J mol-1 for 7 and 16, respectively.
The cyclic -amino acid mutations changed these per-residue-based values to 81.7 and
92.0 J mol-1 for 17 and 18, respectively, which are still native protein-like figures
despite their bulging geometry and frustrated H-bonds around the ACHC residues. This
finding indicated that the hydrophobic effect is an important stabilizing factor, which is
facilitated by an irregular edge region that contacts the core region. Accordingly, the
edge strands were able to convey stabilizing contacts to the core, as detected by NMR.
A large weight of the hydrophobic effect in the overall stability of the / sequences
can explain the good thermal stability of 17 and 18. The temperature-independent parts
of the enthalpy and entropy values are determined by a complex interplay between
structural features and enthalpy–entropy compensation that is encoded in the protein
sequence itself, which makes the assignment of a single factor to the changes difficult.
However, it is notable that Ss increased upon ACHC replacements, pointing to an
entropically favored unfolding of the / sequences, which again can be a sign of extra
local rigidity induced by the cyclic -residues with a possible contribution by the
trapped water in the folded state. However, the less stable H-bonds in the folded states
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of 17 and 18 might be reflected in their less endothermic unfolding compared to 7 and
16. These -residue-induced changes in the thermodynamics of -sandwich folding are
the opposite of those observed for protein helix segments.

4.2.4. Stability against edge-to-edge aggregation
We tested the ability of the altered terminal strand geometry to inhibit salt-induced
edge-to-edge aggregation and fibril formation, using 16 and 18 as models. The
experiments above were performed under NaCl-free conditions to maintain 16 in
monomeric form and to facilitate the detection of stability changes upon  → 
substitutions. Diffusion-ordered NMR spectroscopy measurements under low-salt
conditions recorded for 16 and 18 did not indicate any significant differences in the
sizes or shapes of the NMR-visible fraction of the peptides. The presence of NaCl scales
up the hydrophobic effects, acting both as a -sandwich stabilizing factor and a
promoter of aggregation in the following experiments.
At elevated salt concentrations (above 40 mM NaCl), a significant intensity loss
was observed in the NMR spectra of 16 (Figure 22a), likely due to the immediate
formation of high-molecular-weight associates with extreme short transversal
relaxation. In contrast, the NMR-visible fraction of α/β-analog 18 did not display a
marked decrease, even at physiological salt concentration (Figure 22b). These results
indicated that the aggregation of the / sequence is not induced at near-physiological
salt concentrations. At a NaCl concentration of 120 mM, only 15% of the parent fibrilforming betabellin 16 remained in the NMR-visible form, in contrast with the 93% of
18 (Figure 22c). In terms of the stability against aggregation at physiological NaCl
concentrations, ACHC-substituted analog 18 proved to be more stable than 16. To
further support the behavior concerning edge-to-edge association, TEM images of the
samples with high salt content were recorded. In line with the literature results, NaCl
triggered the aggregation of 16, and long thin fibrils were observed with an approximate
size of 3.5 nm × 400 nm (Figure 22d), whereas no visible aggregates were found in the
sample containing α/β-analog 18 (Figure 22e).

42

Figure 22. Reduced fibrillization tendency of 18 compared to 16. The methyl region of the 1H NMR
spectra of 16 and 18 at increasing NaCl concentrations (a and b, respectively). The NMR-visible fraction
of the peptides assessed by the integration of 1H NMR signals at various NaCl concentrations (c).
Integrals were carefully corrected for dilution effects and the possible salt-dependent sensitivity loss of
the NMR probe. The TEM images of 16 and 18 are given in panels (d) and (e), respectively.

4.3. Conclusions
The design of -sheet-containing tertiary structure mimetics is a current challenge
in protein engineering, because -sheets are key elements in many protein–protein
interactions. Only a few protein-sized foldameric structures have been reported in the
literature, and none of them investigated the -sandwich fold. We selected a de novo
designed -sandwich model protein, betabellin-14 as template and introduced -amino
acids with different steric and conformational properties to study the effect of -residue
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mutations on the hydrophobic core. We found that the hydrophobic core is very
sensitive to mutations, thus the analogs displayed reduced folding propensity. However,
dimerization through disulfide bond enhanced -sheet formation in a way similar to the
parent betabellin sequence. We observed that the nature of the -residues determined
the folding propensity and residual flexibility of the chains. Both the fit into the local sheet conformational environment with high hydrogen-bonding engagement and the
steric fit into the hydrophobic core are essential for the maintenance of -sheet content
and rigidity to obtain protein-like behavior. We found that (1R,2S)-ACHC, selected in
accord with the stereochemical patterning principle, met both these requirements
simultaneously acceptably well, and was therefore unique among the -amino acid
building blocks studied. In contrast, other -residues either disrupted the hydrophobic
core, or introduced a conformational mismatch relative to ACHC. Overall, we have
shown the feasibility of -amino acid mutations in the hydrophobic core of the sandwich tertiary fold and found a residue, (1R,2S)-ACHC, which may be of general
use in the design of -sheet mimetics.
Uncontrolled aggregation is a general obstacle in the design of protein drugs, and
structures with high -sheet content are the most prone to self-association. We observed
that while the cis-ACHC residue fits into the -sheet environment, the additional carbon
atom in the backbone introduced a bulge in the strand, which is a feature of several
natural edge-protection strategies. We designed and synthesized analogs of betabellin14 and the fibril-forming betabellin-15 with peripheral cis-ACHC mutations to utilize
this as protection against edge-to-edge aggregation end to study thermal and
thermodynamic stability. Protein-like folding behavior was observed for all compounds
studied, and higher -sheet content was achieved compared to core substitution. The
irregularity at the peripheral strands promoted by cis-ACHC replacements decreased
thermodynamic stability, but the temperatures of maximum stability were either
increased to or maintained at 40 °C, not far from physiological temperatures. In terms of
sensitivity to aggregation, the irregular peripheral strands were effective as edge
protection and successfully tuned down the unfavorable aggregation propensity of BB15 at physiological salt concentration. In contrast with common strategies, edge
protection was achieved without interfering with the side-chain orientation, the

44

electrostatic pattern of the H-bond pillars or the net charge. Overall, we conclude that
cis-ACHC replacements at open edges can maintain sufficient thermodynamic stability
to facilitate a predominant β-sandwich tertiary structure, provide favorable thermal
stability profiles and offer an effective control over unwanted aggregation, with the
potential benefit of contributing to protease resistance.
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5. Summary
1. In order to investigate the feasibility and the rules of -amino acid replacements in a
protein-sized -sandwich scaffold, we designed and synthesized seven foldameric
analogs of two betabellin model proteins, betabellin-14 and betabellin-15,
containing -amino acids, in 32-residue monomeric and in 64-residue dimeric
forms.
1.1. The first design strategy involved substitution of core hydrophobic residues in
betabellin-14

with

homologous

3-amino

acids

and

with

different

conformationally constrained cyclic -residues.
1.2. In the second part of the work we introduced cyclic -amino acid substitutions
in the peripheral strands of betabellin-14 and betabellin-15 to investigate the
effects on stability and edge-to-edge aggregation.
2. Overall folding behavior of the foldamers was analyzed by CD.
2.1. Dimerization-induced folding similar to the parent sequences was observed for
all analogs except 12 containing bulky ABHC residues.
2.2. Deconvolution of the CD spectra was carried out for a quantitative estimation
of the secondary structural content, revealing differences in the induced -sheet
contents of the analogs. All foldamers exhibited less ordered structure
compared to the parent sequence. The highest -sheet content was achieved
with 1R,2S-aminocyclohexanecarboxylic acid (ACHC) substitutions.
2.3. Compared to core mutations, peripheral substitutions resulted in higher overall
-sheet content.
3. Temperature-dependent CD measurements were carried out to investigate the
stability and cooperativity of the folding.
3.1. Protein-like cold and thermal denaturations were observed in the parent
sequences and the analogs containing ACHC residues.
3.2. The stability curve of the peripheral-substituted compounds was calculated
from the CD data and compared to those of the parent sequences, revealing a
decrease in the thermodynamic stability, but not in the temperature of
maximum stability.
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4. NMR spectroscopic experiments were run and secondary chemical shift analysis
was performed to obtain residue-level structural data.
4.1. The chemical shifts of all compounds could be successfully assigned and SSP
scores were calculated.
4.2. A local distortion of the structure was observed around the -residues.
4.3. Dimerization induced the -sheet content mostly in the strand containing the
Cys residue, propagating to the other strands. The induced -sheet content was
the highest for analog 10, while other analogs showed varying folding
behaviors and a lower extent of inducibility.
4.4. Peripheral mutations also had a marked effect on the folding propensity of the core
strands, suggesting the presence of shielding contacts between the edge and core
strands.

5. Molecular dynamics calculations were performed to gain information on the sidechain-dependent folding behavior.
5.1. In line with the experimental data, the simulations predicted 10 as the most
rigid among the / analogs, as well as having the smallest deviation from the
structure of the parent sequence.
5.2. We analyzed the solvent-accessible surface of the hydrophobic core and the
number of backbone H-bonds as markers of compact folding, and found that 10
displayed values closest to BB-14. The lack of cooperative folding observed for
the other analogs could be explained either with insufficient fitting into the
hydrophobic core (8 and 12) or a conformational mismatch disrupting the Hbond network (9 and 11).
6. NMR and TEM measurements were employed to study the aggregation properties
under high salt concentrations. The parent BB-15 sequence was found to form
fibrils, but no aggregation was observed for 18, suggesting that peripheral ACHCsubstitution is an efficient method to prevent edge-to-edge association.
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