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A. 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.
The first step in the mimicry of complex protein structures is to design stable secondary
structural motifs, like helices, β-sheets, and hairpins. A number of foldameric helices, hairpins, as
well as several standalone β-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 β-sheets and β-sandwiches is also hindered by their propensity
to form insoluble aggregates. Designing stable scaffolds with β-sheet structure is, however, very
much desirable, as many aspects of protein functionality are realized through domains with high
β-sheet content, like the variable region of antibodies and a great number of protein–protein
interaction (PPI) surfaces.
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. 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 β-amino acid substitutions in a complex, proteinsized β-sandwich model. Betabellins, a model protein family were chosen as templates, which are
de novo designed, 64-residue β-sandwich proteins stabilized by the dimerization of two identical
monomeric chains.
First, we introduced β-amino acid mutations in the hydrophobic core of the β-sandwich to
investigate the effects and tolerability of diverse side chains by using homologous β3- and
conformationally constrained cyclic β-amino acids. We also studied the effect of cyclic β-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 temperaturedependent folding propensity, NMR chemical shift analysis for residue-level structural
information, and molecular dynamics calculations for modeling and explaining the side-chain
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dependent folding behavior. Aggregation tendency was monitored using NMR signal levels and
transmission electron microscopy experiments.

B. METHODS
Circular dichroism (CD) spectroscopy
The overall folding properties of the compounds were investigated by CD experiments.
Spectra were recorded at peptide concentrations of 100 µM and 50 µM for monomeric and
dimeric sequences, respectively. The spectra were deconvoluted with the convex constraint
algorithm (CCA+) for a quantitative estimation of secondary structural components. Temperaturedependent CD measurements were carried to investigate cooperative folding and stability. The
derived stability data was used to obtain thermodynamic parameters.
NMR spectroscopy
NMR spectroscopic methods were used to investigate conformational behavior at residual
level. Spectra were recorded at 500 µM and 250 µM for monomeric and dimeric sequences,
respectively. Resonance assignment was carried out with the help of 2D TOCSY, NOESY, 13Cand 15N-HSQC experiments. Secondary structure propensity was determined by the comparison of
the detected chemical shifts to a reference random coil chemical shift set. These were combined
into secondary structure propensity (SSP) score by the SSP software. NMR measurements were
also used to monitor aggregation tendency at increasing salt concentrations.
Molecular modeling
Molecular structures were generated and aligned according to literature data for betabellin-14.
Molecular dynamics simulations were run using GROMACS with AMBER ff03 – TIP3P force
field. Production runs of 150 ns were used to investigate the flexibility and folding properties of
the structures. β-sheet propensity was characterized by calculating solvent-accessible surface
areas and number of backbone hydrogen bonds.
Transmission electron microscopy
Aggregation propensity was investigated by electron microscopy. 250 µM solution of the

peptide in phosphate buffer was placed on carbon-coated grid and stained with uranyl acetate. The
aggregates were characterized on a JEOL JEM-1400 transmission electron microscope operating
at 120 kV. Images were taken routinely at magnification of ×25000.
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C. RESULTS AND DISCUSSION
1. In order to investigate the feasibility and the rules of β-amino acid replacements in a proteinsized β-sandwich scaffold, we designed and synthesized seven foldameric analogs of two
betabellin model proteins, betabellin-14 (BB-14) and betabellin-15 (BB-15), containing βamino acids, in 32-residue monomeric and in 64-residue dimeric forms. The first design
strategy involved substitution of core hydrophobic residues in BB-14 with homologous β 3amino acids and with different conformationally constrained cyclic β-residues. In the second
part of the work we introduced cyclic β-amino acid substitutions in the peripheral strands of
betabellin-14 and betabellin-15 to investigate the effects on stability and edge-to-edge
aggregation (Figure 1).
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Figure 1. Amino acid sequence and secondary structure representation of model betabellin structures (a). The
residues are coded with standard one-letter α-amino acid notations; lower-case letters indicate D-α-amino acids.
Circles and squares represent the positions of central and peripheral replacements, respectively. β-amino acids
utilized in the study (b). Design strategies of the betabellin analogs studied (c).
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2. Overall folding behavior of the foldamers was analyzed by circular dichroism (CD)
spectroscopy. Dimerization-induced folding similar to the parent sequences was observed for
all analogs except 12 containing bulky ABHC residues (Figure 2a-b) Deconvolution of the CD
spectra was carried out for a quantitative estimation of the secondary structural content,
revealing differences in the induced β-sheet contents of the analogs (Figure 2d). All foldamers
exhibited less ordered structure compared to the parent sequence. The highest β-sheet content
was achieved with 1R,2S-amino-cyclohexanecarboxylic acid (ACHC) substitutions. Compared
to core mutations, peripheral substitutions resulted in higher overall β-sheet content (Figure
2c).

Figure 2. Mean residue ellipticities (MRE) obtained for monomeric (a) and dimeric (b) compounds with central
substitutions. CD spectra comparison of central and peripheral ACHC-substituted BB–14. (c) Secondary
structure content in percentages of BB–14 and its analogs with central substitutions (d).
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3. Temperature-dependent CD measurements were carried out to investigate the stability and
cooperativity of the folding. Protein-like cold and thermal denaturations were observed in the
parent sequences and the analogs containing ACHC residues. (Figure 3a-b) 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 (Figure 3c).

Figure 3. Cold and thermal denaturation according to temperature-dependent CD experiments. MRE values at
195 nm for 7 and 10 (a). MRE values at 216 nm for betabellins and peripheral substituted analogs (b)
Experimental and fit protein stability curves (free energy of unfolding) for betabellins and peripheral substituted
analogs (c).
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4. NMR spectroscopic experiments were run and secondary chemical shift analysis was

performed to obtain residue-level structural data. The chemical shifts of all compounds could
be successfully assigned and SSP scores were calculated. A local distortion of the structure
was observed around the β-residues. Dimerization induced the β-sheet content mostly in the
strand containing the Cys residue, propagating to the other strands. The induced β-sheet
content was the highest for analog 10, while other analogs showed varying folding behaviors
and a lower extent of inducibility. (Figure 4a-c) 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. (Figure 4d-e)

Figure 4. Residue-level secondary structure propensity (SSP) scores obtained monomeric (a) and dimeric (b)
BB-14 and its core-substituted analogs. SSP-score differences including D-α-residues (c). SSP scores of parent
sequences and peripheral substituted analogs for dimeric BB-14 (d) and BB-15 (e).
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5. Molecular dynamics calculations were performed to gain information on the side-chain-

dependent folding behavior. In line with the experimental data, the simulations predicted 10 as
the most rigid among the α/β analogs, as well as having the smallest deviation from the
structure of the parent sequence (Figure 5a-b). 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 (Figure 5c-d). 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 H-bond network (9
and 11).

Figure 5. Overlay of the five lowest-energy structures obtained in molecular dynamics simulations for sequences
7 (a) and 10 (b). Average solvent-exposure ratio of the core hydrophobic residues in strands B and C (c). The
number of existing H-bonds in the β-sheets (theoretical maximum: 36) (d).
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6. NMR and TEM measurements were employed to study the aggregation properties under high
salt concentrations. The parent BB-15 sequence (16) was found to form fibrils, but no
aggregation was observed for 18, suggesting that peripheral ACHC-substitution is an efficient
method to prevent edge-to-edge association (Figure 6).

Figure 6. Reduced fibrillization tendency of 18 compared to 16. The NMR-visible fraction of the peptides
assessed by the integration of 1H NMR signals at various NaCl concentrations (a). 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 (b) and (c), respectively.
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