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Abstract

Predicting the behavior of foldamer assemblies with all-a-peptides in higher-
ordered arrangements remains a challenge. However, there is a strong interest
and need to develop a deeper and more thorough knowledge to access foldamer
designs that undergo interactions with natural peptide motifs. In this dissertation,
the endeavors of investigating higher-ordered interactions between foldamers and
all-a-peptides were continued in a well-defined tetrameric coiled-coil model

system.

First, two Cys/Phe-motifs identified in previous work as complementary binding
partners of an al/blgchimera were compared using CD-spectroscopy and
cryogenic transmission electron microscopy (cryo-TEM). Systematic substitutions
were performed on cysteine and analyzed by CD-spectroscopy to determine
differences between the two different Cys/Phe-motif-containing complementary
sequences in the formation of helical bundles with the a/f/gchimeric sequence.
High-resolution structural data were obtained using a variety of analytical methods
to investigate the favored side chain packing in the higher-ordered helical fold. The
analytical techniques applied are NMR spectroscopy, vibrational sum-frequency
generation (SFG) spectroscopy, Fourier-transform infrared (FT-IR) spectroscopy,
and X-ray crystallography. In the course of this thesis, the thiol region was
examined for the first time by vibrational SFG-spectroscopy at the air/water
interface for shifts due to H-bonding. In addition, the first crystal structure of a
heterotypic coiled-coil assembly of an al/b/gchimera with an all-a-peptide was
generated, providing the first high-resolution packing information of the heterotypic
helical bundle in a solid state.

Another part of this work deals with the construction of a library of chimeric peptides
with iterative substitutions that increase the number of A/gmodules. These
chimeras were then evaluated for stability when complemented with corresponding
all-a-peptide sequences involving the Cys/Phe-motifs. This investigation revealed
a restriction of intermolecular interactions sensitive to a variation in the number of
backbone residues. Finally, a b/ gpeptide consisting of five bG/gmodules was

analyzed for structural features by CD-spectroscopy.
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Kurzzusammenfassung

Die Vorhersage des Verhaltens von Foldamer-Assemblierungen mit a-Peptiden in
héher strukturierten Anordnungen ist noch immer eine Hereausforderung.
Aufgrund dessen besteht die Notwendigkeit ein tiefgriindiges Verstandnis zu
entwickeln, um Zugang zu Foldamer-Designs zu erhalten, die den
Wechselwirkungen in diesen Anordnungen unterliegen. In dieser Dissertation
wurden die Wechselwirkungen zwischen Foldameren und a-Peptiden anhand
eines bereits in der AG Koksch etablierten, wohldefinierten tetrameren Coiled-Coil-

Modellsystems untersucht.

Zunachst wurden hierfur zwei Cys/Phe-Motive, die an eine a/blgChimare binden,
mit Hilfe von CD-Spektroskopie und kryogener
Transmissionselektronenmikroskopie  (cryo-TEM)  miteinander  verglichen.
Systematische  Substitutionen an Cystein und anschlieRende CD-
spektroskopische Untersuchungen wurden vorgenommen um Unterschiede in den
beiden verschiedenen Cys/Phe-Motiv-haltigen komplementaren Sequenzen des
Helixblndels mit der al/blgChimarsequenz zu ermitteln. Die bevorzugten
Seitenkettenwechselwirkungen  zwischen der al/b/lgChimare und den
komplementaren Sequenzen, welche Cys/Phe-Motive enthalten, werden in dieser
Arbeit untersucht. Hierbei wurden hochauflosende Strukturdaten durch
verschiedene analytische Methoden gewonnen, um die bevorzugte
Seitenkettenpackung in der tetrameren Faltung zu erforschen. Bei den
angewandten Analysetechniken handelte es sich um NMR-Spektroskopie,
Schwingungssummenfrequenz-Spektroskopie (SFG), Fourier-Transform-Infrarot-
Spektroskopie (FT-IR) und Roéntgenkristallographie. Im Rahmen dieser Arbeit
wurde die Thiol-Region demnach erstmals mit Hilfe der Schwingungs-SFG-
Spektroskopie an der Luft/Wasser-Grenzflache auf Verschiebungen aufgrund von
Wasserstoffbriicken-Bindungen untersucht. Dariiber hinaus wurde die erste
Kristallstruktur einer heterotypischen Coiled-Coil-Anordnung einer a/blgChimare
mit einem a-Peptid generiert, welche erste hochaufldsende

Packungsinformationen zum Helixbiindel im festen Zustand liefert.

Ein weiterer Teil dieser Arbeit befasst sich mit dem Aufbau einer Bibliothek von

chimaren Peptiden mit iterativen Substitutionen, die die Anzahl der &6/gModule

Xii



systematisch erhéhen. Diese Chimaren wurden auf ihre Stabilitat hin untersucht,
wenn sie mit den a-Peptidsequenzen mit entsprechenden Cys/Phe-Motiven
inkubiert wurden. Diese Untersuchung ergab eine Einschrankung der
intermolekularen Wechselwirkungen, die empfindlich auf eine Variation in der
Anzahl der Aminosaure-Reste reagieren. Schlief3lich wurde ein &/ gPeptid, das aus
funf H/gModulen besteht, mittels CD-Spektroskopie auf strukturelle Merkmale

untersucht.
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1.Introduction

The a-helix is the most abundant secondary structure motif in proteins! and it is
typically involved in intermolecular interactions. As a result, helix-helix mediated
protein-protein interactions play a key role in various biological processes, e.g.,
transcriptional control, mediation of endocytosis and exocytosis, as well as virus
entry into host cells, and they are emerging as an important target for drug
discovery.?#4 Basic research on coiled-coil model systems provides an excellent
strategy to study the consequences of disruption between helical domains,

providing a foundation for pharmaceutical research.

Peptides emerged as attractive candidates for drug discovery in the early 1920s
when insulin was the first peptide to be used for the medical treatment of type |
diabetes. Currently, about 80 peptides are available as drugs on the market and
several hundred peptides are in clinical development or preclinical studies.®
Nowadays, peptides are easy to generate due to continuous developments and
improvements in the field of solid-phase peptide synthesis (SPPS) that enable
efficient synthesis routes. Advances in purification by HPLC also facilitate the
production process of peptides. Despite the many advantages offered by peptides
composed of natural a-amino acids, e.g., low toxicity, high affinity, selectivity, as
well as molecular and structural diversity, they also bring disadvantages such as
poor oral bioavailability, membrane permeability, and short in vivo half-life due to

protease degradation.5'?

However, to circumvent the protease susceptibility of natural peptides, strategies
such as the replacement of a-amino acids with non-canonical residues,
macrocyclization, and backbone modifications are used to stabilize and mimic
helical secondary and higher-order structural motifs.®9' 11 In general, the design of
foldamers is considered a promising attempt to find clinically applicable drug
candidates that selectively and specifically bind to helical domains with high

affinity.1%13

In the present work, the focus is set on the incorporation of homologous & and ¢

amino acids into peptides.




1.1 The characteristics of a-helices

The peptide bond exhibits planar rigidity due to the partial double bond between
the carbon and nitrogen atoms (Figure 1a). Consequently, folding flexibility results
from the two torsional angles implicating the a-carbon atom in the backbone. These
preferred angles, denoted j and y (Figure 1b), are shown in the Ramachandran
plot to depend greatly on the side chain and illustrate the energetically permissible
local secondary structure. Repeating dihedral angles of j -60° and y -45°

throughout the backbone yield a-helical structures.'#°

a)
H"B H Cog) - H"B H Cog) - H, cog
HaN @ < HaN NS HaN <
©) - H o) - H o) - H
O |R O JR R
b)
® R S
HsN o . N.a Ccoo
- ) -
R A7V R

Figure 1: a) Planar rigidity of the peptide bond through the partial double bond formation (Modified
according to Ramachandran and Sasisekharan, Adv Protein Chem 1968, 23, 283i 437. Copyright ©
1968 Academic Press Inc. Adapted with permission from Elsevier Inc.).1® b) Torsional anglesj and
y of the a-carbon atom in the backbone (Modified according to Boyle and Woolfson. Used with
permission of Royal Society of Chemistry, from De Novo Designed Peptides for Biological
Applications, Boyle and Woolfson, Chem Soc Rev 2011, 40 (8), 42951 4306.; permission conveyed
through Copyright Clearance Center, Inc.).14

Naturally occurring a-helices are right-handed and comprise 3.63 amino acid
residues per helical turn, corresponding to a distance of about 5.4 A along the axis.
The formation of an a-helix structure results from the formation of intramolecular
H-bonds in the backbone between the carbonyl groups (i) and the amides (i+4).

The side chains are oriented toward the solvent (Figure 2).




N-terminus

9y
- @
L 4
5.4 A cQ@..
(3.6 residues) ; ¢.
%

ajodip x|y

C-terminus

Figure 2: Schematic representation of a right-handed a-helix. The ball colors of the ball and stick
model correspond to black-carbon, blue-nitrogen, white-hydrogen, red-oxygen, and brown-residue.

The red dotted lines indicate backbone H-bonding (drawn with BioRender.com).

The formation of a-helical structures is accompanied by a loss of conformational
side-chain entropy, which is compensated for in native folds by the enthalpic
contribution of stabilizing interactions. Depending on the side chain, this
compensation can vary, which is why some amino acids (e.g. Ala, Glu, Leu, and
Lys) are more frequently incorporated into helical structures than others. This
different tendency of individual amino acids to be incorporated into helical
structures is also referred to as helical propensity. The helix propensity of certain
amino acids indicates how the side chains influence the backbone conformation. It
results from short-range interactions between the side chain and the peptide
backbone and solvent, as well as from the interactions of the peptide backbone

with itself and the solvent.

The stability of a-helices can be affected by various factors. For example, the
electrostatic repulsion between successively charged side chains, or steric clashes
can destabilize the helix. To avoid unfavorable Coulomb or hydrophobic
interactions between consecutive residues, positively and negatively charged, or

two non-polar residues, respectively, are positioned three to four residues apart.
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As these side chains find each other spatially through this positioning, they
contribute to the stabilization of the structure.

The intramolecular H-bond network in the a-helix leads to the formation of an
electric dipole. Thereby, the carboxyl terminus is partially negatively charged, and
the amino terminus is correspondingly partially positively charged (see Figure 2).
The last four amino acids are usually not involved in the intramolecular H-bonding
pattern. Negatively charged residues are positioned close to the N-terminus and
accordingly, positively charged residues are located close to the C-terminus,

stabilizing the helical structure.

An abundance of either glycine or proline can lead to the destabilization of the
helical structure. While the absence of a side chain in Gly leads to high
conformational flexibility, the rigid ring structure of Pro does not allow rotation
between the nitrogen and the a-carbon bond, resulting in a destabilizing kink. In
addition, the missing proton bound to the nitrogen of Pro also makes impossible its
contribution to the hydrogen bonding pattern with other residues, representing

another destabilizing factor.®

However, isolated a-helices are rarely stable in solution, and, due to their
amphipathic nature, in most cases assemble into helical bundles, the so-called
coiled coils, by hydrophobic collapse as the main driving force and attractive

Coulomb interactions as a secondary contribution.’-18

1.2 The coiled-coil folding motif as a ubiquitous model system

Coiled coils are a well-understood structural system and were described around
70 years ago'® by Francis Crick?® and Linus Pauling, as well as Robert B. Corey,?!
based on the diffraction pattern of a-keratin by William T. Astbury.??> They are
composed of at least two a-helices intertwined to form supercoiled quaternary
structures and exhibit a primary sequence periodicity of seven amino acid residues,
designated positions a to g. They exhibit hydrophobic residues in the first (a) and
fourth(d)posi t i ons t hiata-holeseprane kfi knngoob swhi ¢ h p
to distort the a-helices. This distortion results in a reduction of the periodicity by

0.13 residues per helical turn, i.e., 3.5 residues per helix turn in a left-handed coiled

rovi
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coil instead of 3.63 residues for regular a-helices. As a result, the right-handed a-

helices adopt left-handed supercoils (Figure 3).1419.23

Figure 3: From polypeptide chain (PDB: 1BAG6) to helix (PDB: 1XRD) to coiled coil (PDB: 3R4A).
The aliphatic residues of the hydrophobic core of the coiled coil are highlighted in magenta (Modified
according to Boyle and Woolfson. Used with permission of Boyle and Woolfson, from De Novo
Designed Peptides for Biological Applications. Chem Soc Rev 2011, 40 (8), 4295i 4306.;

permission conveyed through Copyright Clearance Center, Inc.).14

The thermodynamically strongest and thus most important driving force for the
folding and assembly of coiled coils is the hydrophobic effect.#?* Hydrophobic
canonical residues, denoted thq are Ala, Phe, lle, Leu, Met, Val, Trp, and Tyr. Polar
canonical amino acids, referred to as fpg are Asp, Glu, His, Lys, Asn, GIn, Arg,
Ser, and Thr. Macromolecules fold or assemble to minimize their hydrophobic
surface area toward aqueous bulk solvents. Therefore, amphipathic polypeptide
chains fold in such a way as to bury hydrophobic residues and expose polar
residues to the physiological/buffer environment. The fknobs-into-holesaépattern of
the heptad repeats refers to the non-covalent arrangement of the residues as
hpphppp, resulting in a side chain (knob) of one helix being surrounded by a space
from four residues in a diamond-shaped arrangement (hole) of the other helix
(Figure 4).%5 Overall, the stability of the coiled-coil assembly is predominately

determined by the hydrophobic core.?®




o

)

Figure 4: Knobs into-holes packing in GCN4-mutant (PDB: 1KDB8). The Leu residue (knob)

colored in magenta is surrounded by a space (hole) from four residues in a diamond-shaped

arrangement (according to Rhys et al.).?”

The repetitive hpphppp heptad pattern characteristic for coiled coils is usually
referred to as (a-b-c-d-e-f-glnforone h el i-x6-G-@&-8-9 §flar he opposing
helix.1423126 The number n of heptad repeats can vary from two, in designed coiled
coils,?® to 200, in natural fibrous proteins.?62° The helical-wheel model is a
schematic representation commonly used to facilitate the illustration of the spatial
arrangement of residues along the helical axis in coiled coils (Figure 5). While
positions a and d form the interhelical hydrophobic core, the second molecular
recognition motif is determined by the interhelical electrostatic interactions resulting
from positions e and g.3° Moreover, positions b, ¢, and f are occupied by residues
exposed to the solvent.?> These positions can be used for substitutions that

introduce orthogonal functional properties.'#3!




Figure 5: Helical wheel model of a parallel coiled-coil motif. Hydrophobic amino acid residues at a
and d positions form the hydrophobic core, as indicated by the gray box. Coulomb interactions,
indicated by green arrows from charged residues at positions e and g, contribute to the specificity
of the pairing. The side chains of the amino acids in positions b, ¢, and f are exposed to the solvent

and underlined by a blue box.

In addition to their dominant influence on stability, the a and d positions can also
affect the oligomerization state. Variations in the a and/or d positions in GCN4-p1,
a parallel homodimeric coiled-coil leucine zipper, were shown to alter the
oligomerization state.3%' 35> Mutation of the hydrophobic core to exclusively Leu, for

instance, results in tetramer assembly.?®

Electrostatic recognition by coiled-coil systems can be affected by the e and g
positions, which are typically occupied by Lys and Glu. The charge pattern of the
sequences influences pairing specificity between helices in the coiled-coil motif
through the pairing of g and eé i A( i&-5), and e and g§ depending on attractive or
repulsive Coulomb interactions. Here, the oligomerization of helices into coiled
coils can occur either in a homotypic manner, when two identical helices
oligomerize, or in a heterotypic manner, when different helices pair together
(Figure 6a). The orientation of the helices in the assemblies can be directed in a
parallel or antiparallel fashion, respectively, when the same termini (C-and C6
termini and N-and N&termini) or different termini (C-and NG&termini and N-and C6é




termini) are proximal to each other (Figure 6b). Furthermore, the association
stoichiometry can also be influenced by the electrostatic interactions.2%26

D
~

b)

homotypic

N-termini
N N

parallel arrangement
OBONGON0
(@ @)
@ ()
7 o
CL) 080,

antiparallel arrangement

C-termini
heterotypic

N- and C-terminus

N C

Gurialia et

C- and N-terminus

Figure 6: a) Homotypic and heterotypic pairing corresponding to charge complementarity of
positions e and g (Modified according to Yu, Drug Deliv Rev 2002, 54, 11137 1129. Copyright ©
2002 Elsevier Science B.V. Adapted with permission from Elsevier Inc.).®® b) Parallel and
antiparallel arrangement of a coiled-coil dimer. The gray-blue and pink spheres corresponding to
residues in the a and d positions, respectively, represent the packing of side chains in a parallel
and antiparallel aligned coiled coil. C and N in the helical wheel representation refer to the N-and

C-termini of the peptide chain, respectively (according to Truebestein and Leonard).36

Modification of the classical hpphppp repeat pattern (Type N) by increasing the
size of the hydrophobic core leads to higher oligomerization states. Type |
comprises hydrophobic residues in a, d, and e positions leading to an hpphhpp
repeat that forms tetramers. In this case, the side chains in the g position form the
knobs. Pentamers and higher oligomeric states can be formed by Type Il hpphhph
repeating units, by including the residues in the e and g positions in the knobs-into-

holes interactions. The largest known coiled-coil assembly is the dodecameric (12-
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helix) barrel of the TolC membrane protein®’ with a Type Il interface containing a
hhphphp repeating motif (Figure 7).2> The Alacoil, which introduces Ala into
residues at b and g positions (pAphhpA) and forms a-sheets, also belongs to the

Type Il grouping.1®:2°

Type N Type | Type Il Type lll

ofe“” o%@ OTiFY

Repeat hpphppp hpphhpp hhphhpp hhphphp
Angle ~51° =103° ~154°
Predominant dimer trimer and tetramer tetramer — heptamer octamer and higher

oligomerization

Figure 7: Variants of heptad repeat patterns compared to the classical heptad repeat, referred to
as Type N. The blue and green balls are occupied by hydrophobic amino acids and represent the
knob-forming residues. The remaining residues, which are usually polar, are colored red. The dark
green angles correspond to the angles between the two resulting hydrophobic seams (Modified
according to Woolfson. In Fibrous Proteins: Structures and Mechanisms. Subcellular Biochemistry;
Springer, 2017; Vol. 82, pp 35i 61. Copyright © 2017, Springer International Publishing AG.).25

The insertion or deletion of residues in heptad repeats can interrupt the periodicity

in coiled coils. Three types of these discontinuities can be distinguished,t he A s ki

t he fdAsarud ttered ABgura 8).A45é°A skip denotes the insertion of one
residue. The stutter is defined by a deletion of three residues or an insertion of four
residues and is compensated by an underwinding of the supercoil and features a
dextrorotatory section to preserve hydrophobic contacts. The stammer, on the
other hand, leads to an overwinding of the supercoil. It comprises a deletion of four
residues or an insertion of three residues. In general, these distortions are limited
to two helical turns on either side of the deletion/insertion and can serve either to
provide flexibility in the helical domains or to terminate the structure by causing

local pertubations.?6:39:41

o



Discontinuity without skip stutter stammer

Insertion - 1 amino acid 3 amino acids 4 amino acids
Heptad (abcdefg), abbcdefg abcabcdefg abcdabcdefg
Example GCN4 GreA H-NS Hemaglutinin
PDB code 2ZTA 1GRJ 1LR1 2HMG

Figure 8: Structural deformation of coiled coils through discontinuities (according to Truebestein

and Leonard).%6

a-Helical coiled-coil systems often terminate with non-helical segments, e.g., in
tropomyosin in which the non-a-helical domain includes eight residues.*! Hodges
and co-workers studied a synthetic coiled-coil homodimer with 35 amino acid
residues in each polypeptide chain containing Leu side chains in a and d positions.
Mutation of the Leu residues to Ala demonstrated destabilizing properties.
However, they found that hydrophobic interactions at both ends contribute less to
stability than do those at the center of the sequence, and are more flexible and less
buried since substitutions here do not greatly compromise the stability of the coiled

coil.42

All in all, coiled-coil folding motifs are considered the best-studied structures in
protein design.'#2443 They have evolved into a ubiquitous model system suitable
for the design of novel structures and rationally designed functions.® In this work,
a well-defined tetrameric coiled-coil model system was utilized to study the

interactions and stabilities of al/blgfoldameric helices when assembled with

polypeptide sequences containing solely natural L-a-amino acids.
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1.3 Foldamers

The term ffoldamerowas first defined by Gellman and co-workers in 1966 for non-
natural oligomers that can fold into higher-ordered structures resembling those of
proteins.** Non-proteinogenic amino acids such as b, ¢, damino acids, a,a-
disubstituted amino acids, peptoids, or oligourea variants (Figure 9) can be used
as monomeric units for the design of foldameric peptides with bioactive properties,
e.g., inhibition of protein-protein interactions (PPIs),*>4¢ cell-penetrating peptides
(CPPs),*"4® antimicrobial peptides (AMPs),%9"5 or drug-delivery tools*8°2 for drug

discovery.
[ 0 Y a H Y o
N
W{HH/\[%% PNMNW “H{H”/\ﬁ/\[%‘%\l % W
o) H ¢ O o)

a-Amino acid F-Amino acid »-Amino acid 6~Amino acid

R R . H
A i
H 5 R O H o)

a,a-Disubstituted Peptoid Oligourea
amino acid

Figure 9: Selection of non-proteinogenic amino acid derivatives in comparison to a-amino acids
(Modified according to Kato. In Cell-penetrating peptides: Design, Development and Applications;
Wiley-VCH GmbH: Weinheim, Germany, 2022; pp 79i 107. Copyright © 2022, John Wiley and

Sons.).53

The incorporation of unnatural amino acids into peptides is advantageous because
they cannot be recognized and degraded by proteases.> They can form stable
secondary structures and are well suited for designing helical structures with
amphipathic character, which plays a key role in bioactive properties such as
protein-protein interactions (PPI), cell permeability, and antimicrobial activity.
Moreover, foldameric peptides composed of these non-proteinogenic amino acids

are readily accessible by established synthetic methods.53

The design of helical foldamer peptides that acquire higher-ordered conformations,
can be accomplished by two different approaches: i b o t-u pamfi t -d p w nro .
the former, foldamers are designed de novo; in the latter, foldamers are designed

based on well-characterized a-amino acid sequences known to form distinct
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higher-ordered structures.®®* One e f f e edtoiwned firteas tescdbed by
Fortunaetal,as #fAf ol dameri zat i o meplacementdfatheastores cr i bes

natural a-amino acid of a-peptides by unnatural amino acids.5®

Foldamers composed of 4 and gamino acids not only provide stability against
proteolytic degradation but also exhibit H-bonding patterns comparable to those of
natural all-a-peptides. Therefore, they resemble the self-assembling properties of
peptides composed of natural amino acids and facilitate peptide design by allowing

for the predictable alignment of side-chain functional groups.®’

The difference between & and gamino acids and natural a-amino acids lies in
additional methylene units in the backbone (Figure 10). Here, 4~amino acids have
one additional methylene unit in the backbone and the corresponding gvariants
have two. While the side chains of biso and giso amino acid variants are
shortened by a shift of the amine group by the methylene groups incorporated into
the backbone, the homologated amino acids retain their side-chain length and

exhibit additional methylene groups in the backbone.%8

NH, O o)

R B
H N\/\/\)J\ HoN
2 BN OoH 2 N 0H
o NH,
H2N\/\/\%J\OH L-B-lysine L-y-lysine
NH
2 NH, O o)
. - B
L-lysine HzN/\/\/B\a)J\OH HoN U o OH
NH,
L-p-homolysine L-y-homolysine

Figure 10: The difference between a-, &-, and gamino acids and their homo-variants using L-lysine

as an example.

A variety of backbone extended & and gamino acids can be accessed through
chemical synthesis approaches®®% and homologated variants can be even
accessed starting from their proteinogenic a-amino acids.®® In natural compounds,
b and gamino acids are incorporated by non-ribosomal peptide synthetases
(NRPSSs). Biologically active compounds isolated from bacteria, fungi, plants, or
marine organisms may contain - and gamino acids derived from this biosynthetic

pathway (Figure 11).5866.67 Until a few years ago, no ribosomally synthesized

12



peptides containing &~ and gamino acids were amenable to screening methods
such as mRNA display. Suga and co-workers were able to efficiently synthesize
peptides bearing various non-proteinogenic amino acids, including - and gamino
acids, by ribosomal synthesis using tRNA engineering and thus manipulation of the

genetic code.%®

H O
o o
v OH o}
NH NH N
(e} H HN
H
o} NH
OH NH, °
polymyxin B, theonellapeptolide

Figure 11: a) Structure of antibiotic polymyxin B2 isolated from Bacillus polymyxa® involving six
a,gdiaminobutanoic acid building blocks. b) Structure of theonellapeptolide isolated from an
Okinawan marine sponge pf Theonella sp.”® containing three bAla/bhGly. (Adapted with permission
from Seebach et al. Chem Biodivers 2004, 1 (8), 11117 1239. Copyright © 2004 Verlag Helvetica
Chimica Acta AG, Zrich.).58

Backbone extended & and gamino acids offer a variety of design possibilities by
either placing the residues into the different methylene groups of the backbone or
varying the stereochemistry. The superscript numbering of the carbon atom after
the Greek letter (Figure 12) indicates the position of the side chain in the

backbone.58

(0]
H-N 3 NH2

AN 2 OH Ie)

3
HoN 4 2

OH
(0]
NH»
N om
NH2 4 2
L-7*-homolysine L-7*-homolysine L-y*-homolysine

Figure 12: Nomenclature of the positioning of the side chains in the backbone using variants of L-

g-homolysine as an example.
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Other variants of #- and g-amino acids include multi-substituted backbones®%* and

cyclic variants.60:63

This work deals with the incorporation of homologous 63- and g*-amino acids into
peptides. Their incorporation leads to greater torsional freedom and thus to an
expansion of the energetically permissible conformational space. While a-amino
acids have two torsional variables (j ,y), - and gamino acids have three (j ,q,y)
or four (j ,q1,02,y ) of these variables, respectively, due to their additional backbone

methyl units (Figure 13).7*

P 0"V o

O @)
i) Loyl T
B
a-Amino acid S-Amino acid »-Amino acid

Figure 13: Backbone torsional angles of &~ and gamino acids in comparison to g-amino acids
(Adapted with permission from Vasudev et al. Chem Rev 2011, 111 (2), 6571 687. Copyright ©

2011, American Chemical Society).”

However, the main challenge in replacing a-amino acids with homologated & and
gamino acids in a coiled-coil system is the reduced number of residues per helix-
turn. Therefore, predicting the behavior of foldamers containing homologous & and
gamino acids in higher-ordered arrangements remains a difficult endeavor. There
is tremendous interest and a strong need to develop a thorough and deeper

knowledge to access foldamer designs that undergo these interactions.

1.3.1 Helical structures formed by 6 and gpeptides

Many different helical structures are known to be adopted by peptides incorporating
b- and gamino acids.>® These helices are classified according to the number of
atoms in the intramolecular main chain H-bonds.5372.73 To characterize folding, 2D-
NMR experiments such as NOESY (Nuclear Overhauser Enhancement
Spectroscopy),’®’* ROESY (Rotating-frame Overhauser Effect Spectroscopy),’
8 and TOCSY (Total Correlation Spectroscopy)’7¢ were used to determine the

patterns of the nuclear Overhauser effect (NOE). These were mostly
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complemented by simulation methods’>74, crystallization,”” and CD-
spectroscopy.’?74

While the classical a-helix formed by a-amino acids is classified as a 13-helix,®°
foldamers composed of /-amino acids can adopt a 14-helix,’>"4 a 12-helix,”®"° or
a 12/10-helix”>8! as representative helical structures.>® For example, the mixed 12-
and 10-helix is favored by alternating monosubstituted b2-amino acids and b3-
amino acids in b2/b3-peptides.’#82 Moreover, it is noteworthy that in the 14-helix
and 12-helix formed by the bA-peptides, the helix dipoles point in opposite
directions.>3 a/ b-Peptides containing a-amino acids and #-amino acids were shown
to adopt 11-helix® and 14/15-helix’® structures. If the ratio of a-amino acid to &
amino acid is equal (a:6 = 1:1), an 11/9-helix structure is formed.”” Changes in this
ratio lead to diverse other helical structures that can be adopted.>® Foldamers
composed of 4 and gamino acids can adopt a 13-helix’® or an 11/13-mixed helix8
as two examples of the many different helical structures that can be obtained. ¢
Peptides can form a 14-helix®28¢ or a 9-helix®”:88 as representative structures.>? In
the case of a/gpeptides, 12-helix8%%° or 12/10-helix®+°! structures can be adopted.

Table 1 shows the schematic representation of these helix structures:

Table 1: Schematic representation of selected helix types and their conformational properties
composed of a-, &~ and/or gamino acids. For clearer and simpler representation, only H-bonded
parts of the peptide backbones are shown, and amino acid residues have been omitted (Adapted
from Kato. In Cell-penetrating peptides: Design, Development and Applications; Wiley-VCH GmbH:
Weinheim, Germany, 2022; pp 791 107. Copyright © 2022, John Wiley and Sons. Modified
according to Bouillére et al. Amino Acids 2011, 41 (3), 687i 707. Copyright © 2011, Springer-

Verlag.).53:92

Incorporated amino Helix type  Formed H-bonded ring(s)

acid variants
a-amino acids 13-Helix O=C(i)  &(i+4)-H
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b-amino acids 14-helix N(i)-H ¢é. @2 C (

i i+1 i+2

b-amino acids 12-helix N(i+3)-H é . p=C(

i i+1 i+2 i+3
b-amino acids 12/10-helix N(i+3)-H é . Dan€ (
N@)-H é. BHC(

i i+1 +2 i+3

a- and f-amino acids 11-helix N@i+3)-H é. ©®=C(
11

o O\
O 0]
H '3 o H o
N N
‘LH"‘/'L,' %H/\Q)J\H/ﬁ( \[{\[%HL
(0] (0]
i i+1 +2 i+3

a- and p-amino acids 14/15-helix N(i+4)-H ¢é . p=C(

i i+1 +2 i+3 i+4
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a- and p-amino acids 11/9-helix  N(i)-H é . @B and
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i i+1
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a- and gamino acids  12-helix N@i+3)-H ée. ©P=C(

i +1 i+2 i+3
a- and gamino acids  12/10-helix N(i+3)-H e . Dan€ (
N@)-H é. BHC(

i i+1
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1.3.2 Foldamers in coiled-coil designs

Designing foldameric sequences with modified backbones to study sequence-
structure relationships requires elucidating the contribution of the backbone to
protein folding behavior.®® Therefore, the introduction of backbone-modified amino
acids into coiled-coil folding motifs provides an excellent strategy to study their

effects on tertiary and quaternary protein structures.

Gellman and co-workers provided the first insights into the consequences of
replacing a-amino acids with homologous 63-amino acids with their pioneering
At-dpwn o a paqthe ooded-hoil systems of the parallel homo-dimeric GCN4-
p1°49 and the parallel homo-tetrameric GCN4-pLI mutant.®® In this approach, they
altered all b- and f- positions in the coiled-coil systems by incorporating
homologous b23-amino acids, thereby varying the backbones and retaining the
same residues (Figure 14). While the ability to form quaternary structures was
preserved in both a/6-peptides, significant changes in stability and oligomerization
state were observed for the a/f-analog of GCN4-pl, and changes in helix-

association geometry were found for the a/b-analog of the parental GCN4-pL|.%®
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GCN4-p1 mutant  Ac-RMKQLEDKVEELLSKNYHLENEVARLKKLVGER-OH
GCN4-pLI mutant  Ac-RMKQIEDKLEEILSKLYHIENELARIKKLLGER-OH

E
R
b) H
E
Q

omIom

0O
H2N \)LOH HoN OH
Ii \:/\H/

a-amino acid O £#3h-amino acid O

A
O

Figure 14: a) alb-Peptide sequences of GCN4-p1 and GCN4-pLl replacing a-amino acid in
positions b and f by homologous &3-amino acids. b) Helical wheel representation. c) Structure of
an a-amino acid in comparison to a homologous 63-amino acid. Incorporated 63h-amino acids are
colored blue. Adapted with permission from Horne et al., J. Am. Chem. Soc. 2007, 129 (14), 4178-
4180. Copyright O 2007 American Chemical Society. 55

In a similar study using the parallel homo-tetrameric GCN4-pLI mutant, the
incorporation of homologous b3-amino acids in the hydrophobic core was studied.
While the replacements of all a- and d- positions resulted in the preservation of
tetrameric self-association with high thermal stability and C=0 (i) A N-H (i +4) H-
bonding patterns within the helical secondary structure, the features of the
quaternary structure were significantly altered. The tetrameric quaternary
structures exhibited antiparallel pairing, and the arrangement of the core side

chains deviated from t he c-inte-Bsli esad & k,masuitigeime n t
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i f ata-fea c e O-chaini pdcking. This phenomenon was not observed when a-
amino acids were substituted by homologous b3-amino acids located in the
peripheral positions of the coiled-coil system. Replacement of all a- and e-
positions by homologous b3-amino acids resulted in changes in stability and
oligomerization state, similar to the first study. When all d- and g- positions were

substituted by homologous 63-amino acids, assembly was almost abolished.®

Two additional studies investigated the influence of torsional constraints required
for homologous 63-amino acids to form helical bundles. Therefore, cyclic b-amino
acids that rigidify the secondary structure were incorporated into the GCN4-pLl

sequence (Figure 15).

YT I “) NS

3h-amino acid ACPC APC

Figure 15: Structure of homologous b3-amino acids compared to cyclically constrained uncharged
(1S,2S)-2-aminocyclopentane-1-carboxylic acid (ACPC) and positively charged (3S,4R)-4-

aminopyrrolidine-3-carboxylic acid (APC) when incorporated to a peptide sequence.

All in all, they stated that the incorporation of cyclic ~amino acids instead of the
homologous b3-amino acids can enhance the stability of the assembly but does
not necessarily have to. Steric repulsions of the cyclic residue can limit the
conformational benefits arising from backbone flexibility in the folded or assembled
structure. Homologous &2 to cyclic -amino acid replacements were generally well-
tolerated but led to variations in the self-association stoichiometry in some cases.
Il nterestingly, t hey found one of the
upon homologous b3 to cyclic #-amino acid replacements leading to high-thermal
stability through tighter binding. This stammer, however, appeared to be an

anomaly.%397

Nevertheless, these one-to-one substitutions of a-amino acids with 4~amino acids
lead to the insertion of additional atoms to the backbone compared to the parental
a-peptides. Moreover, these al/b-peptide systems form coiled coils by self-

association.
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Aragahi et al. introduced a pentad of alternating homologous 63- and g*-amino

acids to mimic an a-helical turn based on the principle of i e q u a | backbone a
in a designed coiled-coil motif. The designed parental coiled coil consists of a

lysine-rich base strand (Base-pp) and a glutamic acid-rich acid strand (Acid-pp)

that form a heterotypic tetramer assembly with a 1:1 stoichiometry. The central

heptad of the base strand was substituted by a £%/g*-pentad (Figure 16).%8 It has

been previously reported that alternating - and gamino acids are capable of

forming a 13-helix (see Section 1.3.1). Thus, they provide an excellent opportunity

to mimic the classical a-helix, which also forms a 13-helical network.”8:99

a) b)
Base-pp B3p2y

NH,
O+ _OH
a*° o) o) o) oﬁ\)(l
H H H H H H H
M\AH)\WN\A” N\)LH N%ﬂﬂ w\ﬁ/r‘\[}/'\lwu 5 o H 2 p - NW‘R
Y o = 0 X 0 X % 0 YO O _0O

NH, NH, NH,
Leu-Ser-Ala-Leu-Lys-Glu-Lys B>hLeu-y*hAsp-p>hLeu-y*hLys-phLys

Figure 16: a) Central heptad of Base-pp comprising canonical a-amino acids and b) substituted

central 63 g*-pentad incorporating alternating homologous 63- and g*-amino acids.

This alblgchimeric base peptide, designated fi Bb2gy was able to retain the
propensity for tetrameric hetero-oligomerization with a 1:1 stoichiometry to the
complementary acid strand comprising exclusively a-amino acids. Although this
heterotypic helical bundle exhibited slightly less stability compared to the parental
acid/base coiled coil, it was exceptionally stable to thermal denaturation and was
not completely denatured even at 100 °C. Molecular dynamic (MD) simulations
revealed that the hetero-oligomerized chimeric tetramer was equally stable in both
parallel and antiparallel orientations. The spatial conformation of the a-peptide
moieties of the helical quaternary structure and the a-helical secondary structure

were not affected (Figure 17).%8
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a
) Acid-pp:  Abz- LSALEKE LASLEKE LSALEKE LASLEKE LSALEKE

Base-pp: Abz- LSALKEK LASLKEK LSALKEK LASLKEK LSALKEK
B3p2y: Abz- LSALKEK LASLKEK  B3Ly*DB3Ly*KB°K LASLKEK LSALKEK
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Figure 17: a) Peptide sequences of the parental peptides Acid-pp and Base-pp, as well as the
alblgchimera B3b2g. The central heptad of Base-pp has been replaced by a pentad containing
alternating homologous &3- and g*-amino acids in B3b2g (highlighted by a gray box). b) Helical
wheel representation of Acid-pp, Base-pp, and B3b2g. Green spheres indicate the central b3/g*-
pentad in B3b2g c) Helical wheel representation of the heterotypic tetrameric arrangement of
central heptads of Acid-pp and pentads of B3b2g d) MD-simulation of Acid-pp/B3b2g The helix
bundles are equally stable at both parallel and antiparallel alignment. In all illustrations, Acid-pp is
red colored, Base-pp as well as the heptads of B3b2g, which do not differ from Base-pp are blue
colored, and the central b3/g4pentad in B3b2g is green colored. Adapted from Araghi et al.
ChemBioChem 2010, 11 (3), 335-339 with permission. Copyright © 2010 WILEYZ/CH Verlag
GmbH & Co. KGaA, Weinheim.%8
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By replacing the hydrophobic or charged 63/ g*-amino acids with f-alanine variants
(b-alanine or homologous b3-alanine) in B3b2g to determine the relative
contributions of either the hydrophobic core or the charged interface to stability,
they showed that the non-covalent interactions of hydrophobicity have a greater
impact on the folding stability than the charged residues responsible for
electrostatic recognition. Nevertheless, all variants of B3b2g formed heterotypic
helical bundles with the parental acid peptide, although the folding stability was

significantly decreased.%

The replacement of one heptad formed by a-amino acids with the b3/g*-pentad
results on the one hand in a mimicry of the natural 13-helix H-bond network, but
on the other hand in a loss of one intrahelical H-bond donor and one H-bond
acceptor. Thus, the lack of one peptide bond may lead to disruptive structural
consequences.'® Therefore, spot array analysis'®* and phage display®’1%2 were

used to screen for high affinity binding partners to B3b2g

By replacing the a/d-, e/g-, and a/d/e/g-positions of the central heptad with glycine
in Acid-pp, the properties responsible for hetero-oligomerization, hydrophobicity
and electrostatic recognition to B3b2g, were disrupted. All manipulations resulted
in a loss of heterotypic bundle formation, demonstrating the necessity of interhelical
interactions between the third heptad of the parental acid-strand and the central
b3l g*-pentad of the alblgchimera. Subsequent spot-array analysis was used to
screen these key positions for more efficient binding partners with various natural
a-amino acids. Koksch and co-workers found that different hydrophobic amino acid
residues were favored in a- and d-positions. Leucine was favored in the a-position,
whereas the bulkier phenylalanine was more prevalent in the d-position. This
suggests that, besides hydrophobicity, side-chain packing is involved in the
selection of suitable binding partners to the 63/g*-pentad. The flanking positions of
the hydrophobic core, positions e and g, were found to be populated by
hydrophobic residues, resulting in a more extensive hydrophobic core; thereby, the

e-position was more sensitive towards replacements compared to the g-position.1°t

Further randomization of these a/d/e/g-positions was achieved by phage display.
This method screens for high-affinity peptide-peptide, protein-protein, and protein-

DNA interaction partners and was first described by George P. Smith in 1985,103
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for which he was awarded the Nobel Prize in Chemistry 2018 jointly with Sir
Gregory P. Winter.194 Application of this method on N-terminally immobilized B3b2g
led to the identification of two variants of the Acid-pp sequence bearing a Cys/Phe-
motif that selectively bind to the a/blgchimera. The Acid-CFLE and Acid-ICEF
sequences comprise a cysteine at either the a- or d-position and a phenylalanine
in close proximity in the d- or g-position, respectively. Both sequences involve only
one glutamic acid residue in the e- or g-position, and the other position flanking the
core is occupied by a hydrophobic amino acid residue that extends the hydrophobic
core. The heterotypic helical bundles formed with B3b2g retain the tetrameric
oligomerization state. The thermal stability of the Acid-ICEF/B3b2g assembly is
comparable to the parental Base-pp/Acid-pp coiled coil. MD-simulation revealed
that the side-chain orientation of the thiol group in cysteine changes from an
intramolecular H-bond to an intermolecular H-bond to the non-H-bonded backbone
carbonyl of b-leucine (Figure 18c). This leads to improved packing of the extended
hydrophobic core in the helical bundle. In addition, substitutions of cysteine by
either serine or aminobutyric acid showed significantly reduced stability in solution

when forming helical bundles with the a/t/ gchimera.10?
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a) b)

Base-pp:  Abz- LSALKEK LASLKEK  LSALKEK  LASLKEK LSALKEK
B3p2y: Abz- LSALKEK LASLKEK B3Ly*DBLy*KB?K LASLKEK LSALKEK
Acid-pp: Abz- LSALEKE LASLEKE ~ LSALEKE  LASLEKE LSALEKE
randomized: Abz- LSALEKE LASLEKE ~ XSAXXKX  LASLEKE LSALEKE
Acid-ICEF:  Abz- LSALEKE LASLEKE ISACEKF  LASLEKE LSALEKE
Acid-CFLE: Abz- LSALEKE LASLEKE ~ CSAFLKE  LASLEKE LSALEKE

Acid-ICEF B3p2y Acid-ICEF

Sns 65 ns

Figure 18: a) Peptide sequences. Randomized positions are shown in black letters. b) Helical wheel
representation of the central heptad of Acid-pp variants with randomized a, d, e, and g positions
and the central b3/g*-pentad in B3b2g incorporating homologous b3- and g*-amino acids. c) MD-
simulation of the change from intra- to intermolecular H-bond from the thiol of Cys. Adapted with
permission from Nyakatura et al., ACS Chem. Biol. 2014, 9 (3), 613-616. Copyright O 2014

American Chemical Society.102

While the N-terminally immobilized a/blgchimera led to the selection of parallel-
orientated opposing acid strands by phage display, the helical bundle of Acid-
pp/B3b2gexhibited a nonspecific orientation. Surprisingly, immobilization of the C-
terminus of B3b2g during phage display resulted in a nonspecific orientation
comparable to the Acid-pp/B3b2g assembly. In contrast to the spot array analysis
and the N-terminal immobilized phage display approach, the two acid sequences
that formed heterotetrameric assemblies with B3b2g consisted exclusively of
hydrophobic amino acids in a/d/e/g-positions, which exhibited high thermal
stability. Two other sequences harboring charged amino-acid residues in most
randomized positions, including the a- and d-positions that are typically occupied
by hydrophobic residues, revealed dimeric oligomerization states. Thermal

stabilities were significantly reduced, and both partial dissociation and unfolding
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were observed. Interestingly, however, one of these two sequences contained a

cysteine in the d-position.>’

1.3.3 Bioactive foldamers

Research on foldamers is driven by the main motivation to incorporate non-natural
scaffolds capable of adopting defined structures and imitating parts of biological
protagonists in their function while providing resistance toward proteolytic
degradation.1%51% Therefore, the incorporation of unnatural amino acids into
peptides is considered a promising strategy for the development of bioactive
reagents such as PPI-inhibitors, AMPs, CPPs, and structures with enzymatic like-

behavior. 53107.108

a-Helices are commonly found as recognition elements between proteins.
Mimicking them to inhibit PPIs has already led to promising success in targeting
apoptotic regulators or proteins involved in infectious diseases.>* Kritzer et al.
studied the disruption of hDM2-p53 interaction through b3-peptides.®® The
inhibition of hDM2-p53 is an important target for oncologic research because the
tumor suppressor protein p53, which can induce apoptosis in response to cell
stress, is negatively regulated by hDM2.119 The b3-decapeptides were designed
based on the trans-activation domain sequence of wild-type p53 to inhibit hDM2.10°
Later, Grison et al. used the cyclically constrained /-amino acid trans-2-amino
cyclobutane carboxylic acid (tACBC) and g*-amino acids as key design elements
in hexameric al/blgpeptide sequences to mimic a segment of p53 (Figure 19). In
addition to increased proteolytic stability compared with the parental a-peptide, the
alblgpeptides were shown to exhibit selective inhibition of hDM2-p53

interaction.1?
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Figure 19: a) The segment of p53 including amino acids from position 19-26. b) Structure of one
of the eight a/ bl gpeptide helix mimetics used in the work of Grison et al. Key side chains are colored
green and were retained in the a/blgpeptide design. c) Crystal structure of the p53 segment from
position 16-29 excised from its complex with hDM2. Key side chains are colored in green and the
helical backbone is colored red. d) Superimposition of the backbones of the a/bl/gpeptide from b)
(yellow) and of the p53 segment (red). The root-mean-square deviation of atomic positions (RMSD)

value is 0.89 A (adapted from Grison et al.).11t

A second target of key interest in cancer therapy is the mimicry of the a-helical
BH3 domain of the pro-apoptotic protein Bim that strongly binds to the anti-
apoptotic proteins Bcl-x. and Mcl-1 by helical foldamers.'!? Intensive effort and
research were dedicated by Gellman and co-workers to finding protease-resistant
foldameric antagonists for the BH3 domain-Bcl-x. recognition (Figure 20).113
Starting with a i s t rbuacsteddsim of chimeric (a/b+a) patterns'3i11s they
foundt he @[ s elaead ed e sad-anmaacigsitothbmologated H3-amino
acid substitutions to be more efficient.*16'118 However, also in the BH3 domain
studies, alblgpeptidomimetic sequences were later investigated by Shin and
Yang. In addition to canonical a-amino acids, the designs included homologous

b3- and g*-amino acids as well as ring constrained & and gamino acids.*
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Figure 20: Crystal structures of BH3-derived a) a-peptide (yellow) and a/b6-peptides incorporating
homologous b3-amino acids with b) aabaab (green) and c) aaab (blue) backbone patterns bound
to Bcl-x.. The darker-colored helix indicates the BH3 domain-derived peptides and the lighter-
colored positions correspond to the Bcl-x. of each co-crystal structure. The positions of the b3h-
amino acid residues are indicated by orange patches in b) and c). A superposition of the three
structures a) to c) is shown in d). The overall structures show high similarity except for the a3 helix
of Bcl-xc, which differs significantly. Reprinted with permission from Boersma et al., J. Am. Chem.
Soc. 2012, 134 (1), 315-323. Copyright O 2012 American Chemical Society.116

Targeting the inhibition of PPIs leading to virus entry in infectious diseases, helical
foldameric binders to the virus entry protein gp41 of the human immunodeficiency
virus (HIV) were investigated by Stephans et al. consisting exclusively of b3-
homoamino acids.''® Contrarily, the Gellman group investigated blocking HIV
fusion with a/b-sequence patterns.?%121 Figure 21 shows 4al/b, an alb-chimeric
peptide, designed according to an ion-pair array containing negatively charged Glu
and positively charged Arg homologous 62 amino acids. Despite the disorder in
the charged side chains during binding to gp41, this peptide exhibits high infectivity
inhibition activity against several HIV-1 virus strains. This activity is comparable to
or in some cases superior to that of T20 (enfuvirtide),'??2 an FDA-approved drug.1?°
Another example for examination on blocking virus entry through a/6-peptides was

performed on human cytomegalovirus (HCMV).123
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o/F-foldamer sequence
Ac-FRTWEREWD FRAIAPEYARRRIEFELIFR AAQREQQBRKNEBPEALBREL-NH,

Figure 21: Crystal structure of gp41-5 and an al/b-peptide designated 4a/b (PDB 4DZV). The
magnified view shows the disorder of ion pairing side chains. The gray area is gp41-5, the yellow
ribbon indicates the a-residues and the cyan ribbon designates the homologous b63-amino acid
residues. Reprinted with permission from Johnson et al., J. Am. Chem. Soc. 2012, 134 (17), 7317-
7320. Copyright O 2012 American Chemical Society.120

As a result of the dual control over monomer sequence and secondary structure,
as well as the diversity of building blocks, foldamers often combine structure and
function. The helical structure of designed foldamers is as important in AMP
development as it is in PPI inhibitor development. Many foldamer AMP mimics are
designed to form global amphiphilic helices by accumulating hydrophobic and
cationic residues at the helix surface.>* Here, the amphiphilic character facilitates
penetration into microbial membranes resulting in cell lysis.*** The groups of
DeGrado,>1?> Gellman,?6 and Seebach'?’ independently showed that amphiphilic
14- or 12-helix forming b-peptides provided potent antimicrobial activity.>!
Moreover, the Gellman group found b-peptides composed of cyclic residues to be

less hemolytic than that composed of acyclic residues.'?®

The helical coiled-coil motif is also involved in various catalytic processes.28i 131
Araghi and Koksch presented the first example of an al/bl/gchimeric ligase. The

alblgchimera B3b2gdescribed in the previous section (see Section 1.3.2) showed
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catalytic activity in a template-directed peptide native chemical ligation (NCL)
approach with two fragments of modified Acid-pp. Thus, the first fragment involved
a C-terminal thioester and the second an N-terminal Cys (Figure 22).198132 The
ligase activity of B3b2g was slightly decreased compared to the parental peptide
Base-pp. This indicates that the side-chain alignment of the homologous b3- and
g*-amino acids is compatible with the coiled-coil structure leading to function, even
though the number of H-bonds from the backbone is reduced compared to Base-

pp_108
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Fragment 1 : Q/\Q Fragment 1/N\:)LQ
) —_— = N.
HS. N Fragment 2
o]
HZN)\l‘rFragmem 2
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T
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N N.
Fragment 1~ \)LN/LW Fragment 2
—_— : H g

? Base-pp: Abz-LSALKEKLASLKEK LSALKEK LASLKEKLSALKEK
B3p2y: Abz-LSALKEKLASLKEK p2hL v*hD B°hL v*hK p3hK LASLKEKLSALKEK
Acid-pp Abz-LSALEKELASLEKELSALEKELASLEKELSALEKE
Fragment 1

(electrophilic): AbZLSALEKELASLEKELA-Thioester

Fragment 2
(nucleophilic): N,H-CLEKELASLEKELSALEKE

Figure 22: Template-directed NCL of Acid-pp by Base-pp or B3b2g. a) Scheme of the ligation
reaction between the thioester of fragment 1 and the Cys of fragment 2. b) Peptide sequences and
schematic representation of the heterotypic tetramer helix bundle formed by red helices indicating
Acid-pp and blue helices indicating Base-pp or B3b2g (Used with permission of Royal Society of
Chemistry, from A Helix-Forming U b-Ghimeric Peptide with Catalytic Activity: A Hybrid Peptide
Ligase, Araghi and Koksch, Chem. Commun. 2011, 47 (12), 3544i 3546.; permission conveyed

through Copyright Clearance Center, Inc).108

All'in all, helical foldamers incorporating &~ and/ or gamino acids offer a mirage of
potential bioactive functions. However, due to a large number of building blocks
and diverse design possibilities, the prognosis of effectiveness and selectivity for
desired bioactive applications is complicated. Prediction of preferable side-chain
alignment of foldameric 6 and gamino acid sequences in higher ordered
structures can be aggravated by the high backbone flexibility, especially in terms

of PPI inhibitory applications.
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1.4 The theory behind vibrational sum-frequency generation

(SFG) spectroscopy

Vibrational sum-frequency generation spectroscopy is a second-order nonlinear
optical technique, which is inherently interface sensitive because symmetry
breaking is required.*33%3# |t involves two pulsed laser beams of fixed visible { )
and tunable infrared ( ) frequencies overlapping spatially and in time.** The
resulting photons with sum-frequency ( ) are detected in the visible frequency

range (Figure 23).136.137

Molecular Niveaus (Molecular Vibrations)

Figure 23: a) Schematic representation of pulsed Vis and IR beams overlapping in space and time
at an air/water interface generating a third sum-frequency beam in reflection. b) Energy level
diagram of SFG; continuous lines indicate a real state and the dotted lines a virtual state (according
to Morsbach).137

Here, the vibrational sum-frequency (SF) signal can only be generated by
vibrational modes that are both IR- and Raman-active.3 140 |ts intensity is hereby
dependent on the beam intensities of the two incoming laser beams as well as the
sum from resonant and non-resonant parts of the second-order electric
susceptibility ¢@.141.142 The third-order electric susceptibility ¢® contribution can

provide qualitative information on the charging state of charged interfaces: 141143

0 e . m %o (1)

k corresponds to the inverse Debye length and Dk: to the wave factor mismatch.

The resonance component shown in the next equation depends on the resonance
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frequency wq of the molecular vibration, its Lorentzian linewidth G and amplitude
Aq.

o '| '| "@ (2)

Here, the amplitude depends on the number of molecules at the interface and the

orientational average 0880bf the molecular hyperpolarizability bg:

6 © 06 O 3)
It can provide orientational information of the molecules in the interface by
considering the phase of the gth vibrational mode.135144145 Moreover, in isotropic
bulk media such as liquids and gases, which are centrosymmetric, the orientational
average of the molecular hyperpolarizability bq becomes zero. From this, the SF
intensity also becomes zero.*® The required centrosymmetric breakage is applied
at the phase boundary between two media (e.g., liquid/gas, gas/solid, solid/liquid).
Consequently, the obtained molecular data are not perturbed by background
signals from isotropic bulk media. Thus, highly interface-selective molecular

vibrational data can be measured.147.148

Phase-resolved vibrational SFG measurements can provide information on how
proteins are folded, their orientation at the surface, and which side chains interact
with the surface. The amide regions are conformationally sensitive as in
conventional Fourier-transform infrared spectroscopy (FT-IR) measurements.
Secondary structural features can be measured by tuning the IR frequency to the
amide | region. All amide regions have specific absorption patterns for a-helix. &
sheet, random coil, and loop structures, which in sum reflect the various protein

substructures at the surface.13”

The pioneering vibrational SFG studies of amino acids at the oil/water interface by
Watry and Richmond!*® laid the foundation for label-free studies of protein
structures and interfacial hydration of proteins. Hence, phase-resolved vibrational
SFG measurements can be used to determine key effects of protein structures at
the interface and thus assess side-chain structure,'*° orientation, and backbone

folding.137151
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Nevertheless, the physicochemical environment of an interface is different from
that of a homogeneous bulk phase. Therefore, the folding and molecular structure
may differ from X-ray crystallography, cryo-EM, and NMR-spectroscopy.**® The
interpretation of measured vibrational SFG spectra for structure determination in
this work must be complemented with data from other techniques and compared

with structural data obtained in the bulk solvent.
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2. Aim of this work

Developing a sophisticated understanding of how foldamers interact with canonical
amino acids in higher-ordered structure systems is of great interest, as predicting
these interactions still proves difficult. This work addresses the high-resolution
structural investigation of B3b2g,°® an a/t/gchimeric peptide when bound to all-a-

peptides in a well-defined heterotypic coiled-coil model system.

Previous studies used phage display to screen for all-a-peptide sequences that
selectively bind to this chimeric peptide in a parallel tetrameric coiled-coll
arrangement. Here, two sequences were identified, each incorporating a Cys/Phe-
motif and exhibiting high thermal stability when forming helical bundles with B3b2g.
MD-simulations revealed the formation of an interstrand H-bond between the thiol
residue of Cys and the unbound backbone carbonyl of the b3%g*-pentad of
B3b2g1%? However, structural data analysis was evaluated using only MD-

simulation.

Therefore, the preferential side-chain interactions between the complementary
sequences incorporating the Cys/Phe-motifs and the al/b/gchimeric sequence
should be investigated experimentally in this work. Analytical methods such as
NMR spectroscopy and X-ray crystallography should be applied to visualize the
preferable packing of residues in the quaternary structure. In addition, the limits of
intermolecular binding strength between foldamers and all-a-peptides should be
examined in an iterative substitution design. For this purpose, a library with a
systematically expanded number of 6#3/g*-modules in the chimeric peptides should
be constructed. This library will then be complemented with corresponding all-a-
peptide sequences containing the Cys/Phe-motifs. The resulting structures will be

analyzed by CD-spectroscopy.
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3. Results and Discussion

3.1 Structural investigation of the Cys/Phe-motifs of all-a-peptides

and the a/b/gfoldamer in heterotypic assemblies

Both the C- and N-terminal immobilized B3b2g phage-display studies by Koksch
and co-workers revealed a prevalence of cysteine for the complementary acid
strands in the a- or d-position of the central heptad.>”192 These positions are
integrated into the hydrophobic core of the heterotypic coiled-coil assemblies with
B3b2g While N-terminal immobilization identified two acid sequences with
Cys/Phe-motifs that provide high thermal stability in the assembly, C-terminal
immobilization also led to the identification of a Cys-containing acid sequence with
cysteine in the d-position that exhibits decreased thermal stability. However, the
prominence of cysteine in three different sequences identified by phage-display
studies searching for interaction partners with high affinity,’°® suggests that
cysteine provides selective recognition of the homologous 63/ g*-module of B3b2g
The present work is therefore devoted to the structural investigation of the

Cys/Phe-motifs in assembly with the a/bl/gchimera.

The peptides Base-pp, B3b2g, Acid-pp, Acid-CFLE, and Acid-ICEF reported by
Nyakatura et al.'°? were synthesized (Table 2). Subsequently, all heterotypic
coiled-coil systems (Acid-pp/Base-pp, Acid-pp/B3b2g, Acid-CFLE/B3b2g, and
Acid-ICEF/B3b2g) were characterized thoroughly by CD-spectroscopic
measurements. Moreover, the peptides Acid-CFLE and Acid-ICEF, which
comprise the Cys/Phe-motifs, were analyzed for differences in the absence and
presence of the reducing agent dithiothreitol (DTT) both as monomeric sequences

and in the helical bundle with the a/b/gchimera.
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Table 2: Peptide sequences of the parental base- and acid-strands, B3b2g, and the two acid
sequences involving the Cys/Phe-motifs. All peptides were N-terminally labeled with o-
aminobenzoic acid (0-Abz) for concentration determination. Substitutions were highlighted by gray
boxes. Base strand variants are colored blue and acid strand variants are shown in red.
Homologous 63- and g*-amino acids are colored green and amino acids of the Cys/Phe-motifs in

black.

Peptide sequence

Base-pp oAbz LSALKEK LASLKEK LSALKEK LASLKEK LSALKEK
B3p2y oAbz LSALKEK LASLKEK poLDSL*KB°%K LASLKEK LSALKEK
Acid-pp oAbz LSALEKE LASLEKE LSALEKE LASLEKE LSALEKE
Acid-CFLE o-Abz LSALEKE LASLEKE CASFLKE LASLEKE LSALEKE
Acid-ICEF  o-Abz LSALEKE LASLEKE IASCEKF LASLEKE LSALEKE

CD-spectroscopic measurements of the peptide sequences revealed no significant
changes in the secondary structure of Acid-CFLE and Acid-ICEF in the presence
and absence of the reducing agent (Figure 24). Base-pp exhibits a helical
secondary structure characterized by two distinct minima at 208 nm and 222 nm.
All acid-variants indicate disrupted helical structures with the first minimum shifted

to a lower wavelength and a second minimum at 222 nm. B3b2ghas a random coil

structure.
50 50
Base-pp Base-pp

g 40 ——B3p2y g 40+ —— B3By
o —— Acid-pp kel Acid-pp
g 30 — Acid-CFLE g 304 Acid-CFLE (5 mM DTT)
e Acid-ICEF E ——— Acid-ICEF (5 mM DTT)
o o
g g
hel hel
je)] je2]
o) [9)
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3 5
=) )

-30 T T T T -30 T T T T

190 200 210 220 230 240 190 200 210 220 230 240
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Figure 24:. CD-spectra of monomeric peptide sequences with 20 uM peptide concentration in
10 mM phosphate buffer at pH 7.4 in the absence of DTT (left) and in the presence of 5 mM DTT

(right).
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Equimolar mixtures of Acid-pp/Base-pp, Acid-pp/B3b2g, Acid-CFLE/B3b2g, and
Acid-ICEF/B3b2g were then examined by CD-spectroscopy for successful
formation of coiled-coil assemblies. As a result, all heteroassemblies demonstrate
helical structure characteristics with minima at 208 nm and 222 nm, indicating

coiled-coil formation (Figure 25):

30
—— Acid-pp/Base-pp Acid-pp/Base-pp
- ) - 304 .
9 —— Acid-pp/B3p2y o Acid-pp/B3p2y
% 20+ Acid-CFLE/B3p2y % Acid-CFLE/B3B2y (5 mM DTT)
e —— Acid-ICEF/B3B2y @ 20 Acid-ICEF/B3p2y (5 mM DTT)
E E
2 104 s
's s 10+
£ £
o °
o i o
g 0 g .l
S >
g 19 % -10
-20 T T T T -20 : . ; ,
190 200 210 220 230 240 190 200 210 220 230 240
A/ nm A nm

Figure 25: CD-spectra of 1:1 peptide mixtures with 20 uM total peptide concentration in 10 mM
phosphate buffer at pH 7.4 in the absence of DTT (left) and in the presence of 5 mM DTT (right).

Again, Acid-CFLE/B3b2g and Acid-ICEF/B3b2 show no significant differences in
the absence and presence of DTT. Acid-CFLE/B3b2g exhibits the lowest helical
content (28%), and the Acid-ICEF/B3b2 assembly displays a similar helix content
to the parental acid and base coiled-coil arrangement (40% and 38%, respectively).
In addition, the coiled coil of Acid-pp/B3b2ghas a helical content of 32%. The same
trends of helicity were maintained even at 3-fold concentrations (Figure 26). Less
pronounced ellipticities at 208 nm suggest that molecular rearrangements are
occurring.152153 The strongest decrease in ellipticity is observable for Acid-

CFLE/B3b2g
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Figure 26: Equimolar peptide mixtures with 60 uM total peptide concentration in 10 mM phosphate
buffer at pH 7.4.

At higher concentrations, precipitation of the helix bundles was also observed. This
was more rapidly seen in the Acid-CFLE/B3b2g and Acid-ICEF/B3b2g systems.
Transmission electron microscopy (TEM) studies performed by Araghi already
revealed the formation of a-fibers for Acid-pp/Base-pp and Acid-pp/B3b2gat higher
concentrations.'> This phenomenon was also validated by cryogenic-TEM (cryo-
TEM) measurements of equimolar mixtures at 1 mg/mL total peptide concentration,

performed in collaboration with Dr. Boris Schade and Dipl.-Ing. Jérg Blrger.

Long unbranched a-fibers with an average diameter of 3.4 °© 0.5 nm were formed
for Acid-pp/Base-pp (Figure 27) and Acid-pp/B3b2g (Figure 28) with 3.5 ° 0.4 nm.
These diameters are consistent with the measured parameters of approximately
3 nm for the a-fibers reported by Araghi.'>* While the morphology of the formed a-
fibers of Acid-pp/B3b2gare not significantly different from the parental system, the
assemblies of Acid-CFLE/B3b2g (Figure 29) and Acid-ICEF/B3b2g (Figure 30)
form completely dissimilar supramolecular arrangements. The fibers formed by
Acid-CFLE/B3b2gare laterally organized and form partially stacked layers, creating
a crossed-over pattern. Here, the triple zooms display crystalline layers. Average
diameters of the crystalline parts were determined by plotting the light-to-dark
distances, which yielded a highly uniform diameter of approximately 2.9 nm (see
Appendix). The Acid-ICEF/B3b2gfibers, on the other hand, have a strong tendency

to twist into larger units and thus into thicker rope-like strands. Average diameters
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of 5.2 ° 0.3 nm are formed. This mean diameter is thus broadened compared to
the measured parameters of the other assemblies. However, it cannot be ruled out
that two of the a-fibers are tightly wrapped around each other, nearly doubling the
diameters. Nevertheless, widened diameters could form due to an enlarged
hydrophobic surface of the residues from the Cys/Phe-motif, which increase this
surface area by involving the phenylalanine in g-position in the Acid-ICEF peptide
sequence. Szefcyzyk et al. previously reported the formation of larger aggregates
caused by the introduced hydrophobic surface of the cyclopentane side chains of
trans-ACPC during the formation of a-fibers in homotypic &/gchimeric coiled
coils.?®® Thus, the formation of supramolecular structures could explain the faster

precipitation of the Acid-CFLE/B3b2gand Acid-ICEF/B3b2g helical bundles.

Figure 27: Cryo-TEM images of Acid-pp/Base-pp assembly at 1 mg/mL total peptide concentration
in 10 mM phosphate buffer at pH 7.4.
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Figure 30: Cryo-TEM images of Acid-ICEF/B3b2 assembly at 1 mg/mL total peptide concentration

in 10 mM phosphate buffer at pH 7.4.

All helix bundles were additionally tested for their heat stability, chemical stability
to guanidinium hydrochloride (GndHCI), which acts as a chemical denaturant, and

stability over time.

Thermal denaturation (Figure 31) at a wavelength of 222 nm, which is
characteristic for a-helices, shows melting temperatures of >80 °C for Acid-
pp/Base-pp, 76 °C for Acid-pp/B3b2g, 63 °C for Acid-CFLE/B3b2g, and 72 °C for
Acid-ICEF/B3b2g Thus, the thermal stability of Acid-ICEF/B3b2gis comparable to
that of the parental acid sequence with the a/blgchimera (Acid-pp/B3b2g), but
significantly different from that of the Acid-CFLE/B3b2g assembly. Moreover, the
melting curves in the absence and presence of DTT of the two assemblies, Acid-
CFLE/B3b2g and Acid-ICEF/B3b2g, containing the Cys/Phe-motifs were almost

identical. This indicates that no oxidation of the cysteines occurred (Figure 32).
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Figure 31: Melting curves of equimolar mixtures with 20 uM total peptide concentration in 10 mM
phosphate buffer at pH 7.4.
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Figure 32: Thermal denaturation of Acid-CFLE/B3b2g (left) and Acid-ICEF/B3b2 (right) in the
absence of DTT and the presence of 5 mM DTT. Measurements were carried out in 10 mM
phosphate buffer at pH 7.4 with 20 uM total peptide concentration of 1:1 mixtures.

Chemical denaturation varying GndHCI concentrations revealed that all helix
bundles formed involving the a/bl/gchimeric sequence are less stable than the
parental Acid-pp/Base-pp assembly (Figure 33). Similar to the thermal stability, the
Acid-CFLE/B3b2g arrangement also exhibits the least stability. The two helix
bundles of Acid-pp/B3b2g and Acid-ICEF/B3b2g show similar stabilities in the

chemical denaturation studies, which is also comparable to the thermal

denaturation experiments.
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Figure 33: Chemical denaturation of all 1:1 helix bundles (20 uM total peptide concentration) with

varying GndHCI concentrations in 10 mM phosphate buffer at pH 7.4.
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Regarding temporal stability, all helix bundles exhibited exceptional stability for up

to one week (Figure 34):
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Figure 34: Stability over time when stored at room-temperature for all heterotypic assemblies at
20 uM total peptide concentration (1:1 mixtures) in 10 mM phosphate buffer at pH 7.4.

The temporal stability of the Cys/Phe-motif containing helical assemblies of Acid-
CFLE/B3b2g and Acid-ICEF/B3b2g was tested in the absence of the reducing
agent. However, after one day, a more significant increase in helicity can be
observed for the Acid-CFLE/B3b2g assembly, indicating different dynamics within
this system. The same could not be observed for the Acid-ICEF/B3b2g helix

bundles.

In conclusion, the two acid sequences with the Cys/Phe-motifs differ in their
properties and thermal and chemical stability when combined with B3b2g The
formed supramolecular structures also suggest significant differences between the
two helical assemblies of Acid-CFLE/B3b2gand Acid-ICEF/B3b2g. The quaternary
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structures of both systems differ substantially from the combination of the parental
acid strand with B3b2g, as the Acid-pp/B3b2g system shows high similarity to the
parental combination of Acid-pp/Base-pp in the cryo-TEM measurements.
Substitutions were performed on the cysteine to investigate its influence on stability

and to further compare the properties of the two Cys/Phe-motifs with each other.

3.1.1 Substitutions on cysteine: comparative studies to the
Cys/Phe-motifs

For the two Cys/Phe-maotifs, the effects of incorporating cysteine in the acid strands
at the a-position (Acid-CFLE) or d-position (Acid-ICEF) were explored. Cysteine in
these positions was therefore replaced with either serine, aminobutyric acid (Abu),
or S-methyl cysteine (mCys, mC). The selection of these amino acids was based
on the similar length of the residues but different polarity. Ser represents a polar
residue and Abu involves a nonpolar side chain, both with the same side chain
length as cysteine. The S-methylated cysteine variant was chosen to cap the
functional thiol group of the cysteine side chain (Figure 35). Resulting properties

were then compared in terms of helicity as well as thermal and chemical stability.

45



a)

L-Cysteine L-Serine L-Aminobutyric acid  L-Methylcysteine

o} 0 0 0
HzN\fLOH HZN\EJ\OH HzN\iLOH HAN OH
SH OH SCHs

9 Base-pp: 0-Abz- LSALKEK LASLKEK ~ LSALKEK  LASLKEK LSALKEK
B3p2y: 0-Abz- LSALKEK LASLKEK ~ BELy*DPLy*KpK  LASLKEK LSALKEK
Acid-pp: 0-Abz- LSALEKE LASLEKE LSALEKE  LASLEKE LSALEKE
AGId-IXEF:  o0-Abz- LSALEKE LASLEKE ISAXEKF LASLEKE LSALEKE

Acid-XFLE: 0-Abz- LSALEKE LASLEKE XSAFLKE LASLEKE LSALEKE

Figure 35: a) Amino acid structures of cysteine and its substituents. b) Helical wheel model
displaying the central heptad of Acid-CFLE in which cysteine was replaced and the central pentad
of B3b2ginvolving homologous 63- and g*-amino acids. c) Helical wheel model of the central heptad
of Acid-ICEF in which cysteine was replaced and the central b3/g*-pentad of B3b2g d) Peptide
sequences for the cysteine replacements. X represents either Cys, Ser, Abu, or mCys. All peptides

were N-terminally labeled with o-aminobenzoic acid (0-Abz) for concentration determination.

CD-spectroscopic measurements (Figure 36) of all monomer sequences in which
the cysteines were replaced indicate disrupted helical structures with a more
pronounced and shifted minimum at 202 nm and a second minimum at 222 nm,
comparable to the original cysteine sequences. In all cases, the equimolar mixtures
show assembly to the a/bl gchimeric peptide B3b2gby exhibiting a-helical features
with two distinct minima at 208 and 222 nm. Helical bundles with B3b2g of the three
variants of Acid-XFLE incorporating either cysteine, serine, or S-methyl cysteine
display similar helical content. In Acid-IXEF, however, the assembly of the serine
variant with B3b2gexhibits the lowest helical content. The most pronounced helical

pattern was observed when cysteine was replaced by aminobutyric acid for both
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the Acid-XFLE and Acid-IXEF variants, which resembled the properties of the

parental peptide assembly (Base-pp/ Acid-pp) that only consisted of a-amino

acids.
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Figure 36: CD-spectroscopic measurements of the Acid-XFLE and Acid-IXEF variants (20 uM) and
as a 1:1 mixture with B3b2g (20 uM total peptide concentration) in 10 mM phosphate buffer at
pH 7.4. X represents either Cys, Ser, Abu, or mCys.

A decrease in thermal stability is observed for both the XFLE- and IXEF-motifs as
assembled systems with the al/b/lgchimera when a serine mutation is made
(Figure 37). The incorporation of a polar residue into both systems appears to
disrupt hydrophobic core packing but does not prevent assembly with the chimera.
In fact, Woolfson and co-workers previously reported that the structural properties
of coiled coils do not necessarily change when a certain quantity of hydrophilic
residues is introduced into the hydrophobic core, but their stability may still be

altered.1%6
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Figure 37: Comparison of normalized thermal denaturation curves of Acid-XFLE/B3b2g (top) and
Acid-IXEF/B3b2g(bottom) at 20 uM total peptide concentration of 1:1 mixtures in 10 mM phosphate

buffer at pH 7.4. The Acid-pp/Base-pp assembly does not show sigmoidal behavior, as it was not
denatured at 100 °C. X represents either Cys, Ser, Abu, or mCys.

Substitution of aminobutyric acid for the cysteine leads to an increase in thermal
stability in the case of the heterotypic assemblies with B3b2g involving the Acid-
XFLE sequence. For the helical bundles with B3b2g incorporating an Acid-IXEF
sequence, this leads to similar stability to heat. The same applies when S-
methyl cysteine is incorporated into the acid strands. Substitution of the cysteine
in Acid-CFLE/B3b2g with either aminobutyric acid or S-methyl cysteine might

therefore increase the thermal stability by further increasing hydrophobicity in the
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hydrophobic core with residues that do not lead to steric hindrance. Spot array
analysis in previous studies from Araghi et al. already demonstrated the
importance of hydrophobicity in assemblies with B3b2g and that the side-chain
packing was influenced by specificity toward preferred hydrophobic side chains in

the a- and d-positions.*0!

Lastly, all Acid variants were also examined as equimolar mixtures with the
parental base sequence (Figure 38). The assemblies Acid-CFLE/Base-pp and
Acid-AbuFLE/Base-pp exhibited less pronounced minima at 208 nm and 222 nm
compared to Acid-pp/Base-pp. In contrast, all heterotypic helical bundles of Base-
pp with the Acid-IXEF variants, Acid-mCFLE/Base-pp, and Acid-SFLE/Base-pp

showed no differences from the parental acid/base helix bundle.
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Figure 38: CD-spectroscopic measurements of the Acid-XFLE and Acid-IXEF variants as an
equimolar mixture with Base-pp (20 uM total peptide concentration) in 10 mM phosphate buffer at

pH 7.4 and their thermal denaturation. X represents either Cys, Ser, Abu, or mCys.
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All helical bundles in combination with Base-pp display high thermal stability and
are not completely denatured at 100 °C, except for the Acid-mCFLE/Base-pp
combination, which, however, has a high melting temperature of approximately
75 °C. Accordingly, in contrast to the a/blgchimera, the parental base sequence
appears to be less sensitive to changes in the complementary acid strand in the

central heptad.

After comparing both Cys/Phe-motifs by experimental approaches and thus
substitutions on the cysteine, a variety of methods were applied in the following to

obtain high-resolution structural information about these motifs.

3.1.2 NMR Spectroscopy of the alb/gfoldamer heterotypic

assemblies with all-g-peptides

The study of coiled-coil motifs using NMR spectroscopic methods has been
extensively used to obtain high-resolution structural information about the
oligomerization interface formed in the core of the complex.'>’ This would allow the
investigation of the molecular interactions that drive the formation of helical bundles
and contribute to the structural integrity of the a/b/gchimera in assembly with all-
a-complementary sequences in solution. In this way, a structural understanding of

the quaternary structure formation could be acquired.

Due to the large number of charged residues serving the high solubility and the
stable conformation of coiled coils over a wide pH range, it is advantageous to
pursue structural studies through NMR spectroscopy. However, the repetitive
nature of the primary sequence may lead to aggregation at concentrations required
for structural elucidation by NMR in solution, which is about 1 mM. Acquisition of
high-frequency spectra is, therefore, necessary to maximize the resolution of coiled
coils in solution and to enable a high number of *H-NMR assignments required for
structural elucidation. Lindhout et al. have listed several factors that must be
considered for heterotypic coiled coil designs to be suitable for structure
determination by NMR in solution: 1) they must have a binding constant of suitable
strength so that only one species can be detected in solution, 2) the system must

have adequate stability in solution, and 3) the associated system must be of a
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suitable size, i.e., molecular weight, to allow sufficiently narrow linewidths for

unambiguous assignment of NMR spectral data sets.!%8

Solution NMR spectroscopic measurements were carried out in collaboration with
Prof. Dr. Heiko M. Moller from the Universitat Potsdam by M.Sc. Nikolai Klishin.

'H 1D-NMR as well as 'H-'H TOCSY, 'H-°N- and 'H-13C heteronuclear single
quantum correlation (HSQC) 2D-NMR spectroscopic measurements were
performed.

Figure 39 shows the solvent-suppressed 'H-NMR spectra of the monomeric
peptide sequences. The "N-backbone region of Base-pp in the low-field exhibits a
different chemical shift that appears upshifted compared to the other peptides. This
can be attributed to the different secondary structure of Base-pp in which the
amides of the backbone and the amine groups of lysine are involved in H-bonding
networks. In section 3.1, the CD-spectroscopic measurements showed that the
Base-pp sequence forms an a-helical secondary structure. Conversely, the other
monomeric peptide sequences displayed either distorted a-helices or random coil
for B3b2g Significant broadening of the amide region is observed for Base-pp, and
the same is valid for Acid-pp, Acid-CFLE, and Acid-ICEF. B3b2ghas sharper peaks
that could originate from the backbone amides of the central b3 g*-pentad.
Furthermore, Acid-CFLE and Acid-ICEF indicate additional aromatic peaks for
phenylalanine present in the sequence. Considering the upfield region, this is also
markedly broadened in all cases. However, the methyl region of B3b2galso reveals
sharper peaks, which could be due to the additional methyl groups in the backbone

of the homologous 63-and g*-amino acids.
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Figure 39: 'H-NMR spectra of the monomeric peptide sequences in NMR buffer containing 2700 mM
phosphate buffer at pH7.4, 20mM potassium fluoride (KF), 0.1 mM sodium
trimethylsilylpropanesulfonate (DSS), 4 mM sodium azide (NaNs) and 5% deuterated water (D20).

Measurements were performed at 298 K and referenced to DSS.

'H-15N-HSQC with a natural abundance of °N isotopes within Base-pp revealed a
chemical shift dispersion of 1 ppm (Figure 40). This limited dispersion presumably
reflects the aforementioned a-helical secondary structure of the peptide. While
partial assignment of some amino acids was possible using natural abundance *H-
13C-HSQC spectra, as shown in Figure 41, most spectral regions were highly
crowded, complicating data assignment without double-labeled °N and 3C
peptide samples. The study of highly repetitive peptide sequences presents a
particular challenge for NMR spectroscopy, even when isotopically labeled
peptides are used. This can be attributed to the highly overlapping signals arising
from the similar environments of the nuclei. Therefore, assigning these signals and
determining the structure of unlabeled monomeric heptad-repeat sequences with

natural ®N and *3C abundance is extremely difficult.
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Figure 40: H-15N-HSQC spectrum of Base-pp (2.4 mg) in NMR buffer containing 100 mM

phosphate buffer at pH7.4, 20mM potassium fluoride

(KF),

0.1 mM sodium

trimethylsilylpropanesulfonate (DSS), 4 mM sodium azide (NaNs) and 5% deuterated water (D20).

Measurements were performed at 298 K and referenced to DSS.
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Figure 41: H-13C-HSQC spectrum of Base-pp (2.4 mg) in NMR buffer containing 100 mM
phosphate buffer at pH7.4, 20mM potassium fluoride (KF), 0.1 mM sodium
trimethylsilylpropanesulfonate (DSS), 4 mM sodium azide (NaNs) and 5% deuterated water (D20).

Measurements were performed at 298 K and referenced to DSS.

'H-NMR spectra of the heteroassemblies Acid-pp/Base-pp, Acid-pp/B3b2g, Acid-
CFLE/B3b2g, and Acid-ICEF/B3b2g are shown in Figure 42. However, line
broadening, most likely attributed to nonspecific quaternary interactions of different
species and fast dynamics, resulted in insufficiently resolved spectra of the
associated systems and greatly impeded assignment. Precipitation was observed,
due to the formation of a-fibers, supporting the assumption of high dynamics and
the presence of different associative species. The cryo-TEM measurements in

section 3.1 already revealed not only the formation of a-fibers, but also the
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tendency of the a-fibers to form supramolecular structures in the case of the Acid-
CFLE/B3b2g and the Acid-ICEF/B3b2g assemblies. The addition of 2,2,2-
trifluoroethanol (TFE) could be used to break all these higher molecular weight
dynamics and allow the abundance of discrete tetramer species in solution,%8 but
this would require finding suitable conditions that do not affect heterotypic tetramer
association, and desirable studies under physiological conditions would need to be

varied.

In addition, potentially repulsive electrostatic interactions of similarly charged
residues may lead to further dynamics, especially during the investigation of the
monomeric peptide sequences of Base-pp, B3b2g, Acid-pp, Acid-CFLE or Acid-
ICEF. Acetylation of the N-termini and uncharged amide C-termini could attenuate

these effects to some extent.1%8
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Figure 42: *H-NMR spectra of the equimolar peptide mixtures in NMR buffer containing 100 mM
phosphate buffer at pH7.4, 20mM potassium fluoride (KF), 0.1 mM sodium
trimethylsilylpropanesulfonate (DSS), 4 mM sodium azide (NaNs) and 5% deuterated water (D20).

Measurements were performed at 298 K and referenced to DSS.
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To gain deeper insight into the behavior of the Acid-CFLE/B3b2gbundle, *H-NMR
spectra were acquired at different temperatures (277 K, 298 K, and 340 K), as
depicted in Figure 43. While the aromatic and aliphatic regions of the spectra
exhibited uniform patterns, the amide region displayed a temperature-dependent
behavior, as shown in Figure 44. In particular, at 277 K, the amide signals
possessed a broader range when compared to higher temperatures, indicating that
the assembly is more rigid at this temperature. At 340 K, a significant signal
broadening is observed, which could be attributed to a chemical exchange between

the amide protons and water molecules.
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Figure 43: H-NMR spectra at different temperatures of the equimolar peptide mixture Acid-
CFLE/B3b2g (305 uM) in NMR buffer containing 100 mM phosphate buffer at pH 7.4, 20 mM
potassium fluoride (KF), 0.1 mM sodium trimethylsilylpropanesulfonate (DSS), 4 mM sodium azide
(NaNs) and 5% deuterated water (D20). Measurements were referenced to DSS. The red curve

corresponds to a temperature of 277 K, black to 298 K, and blue to 340 K.
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Figure 44: Amide region of the 'H-NMR spectra at different temperatures of Acid-CFLE/B3b2g
(305 pM) in NMR buffer containing 100 mM phosphate buffer at pH 7.4, 20 mM potassium fluoride
(KF), 0.1 mM sodium trimethylsilylpropanesulfonate (DSS), 4 mM sodium azide (NaNs) and 5%
deuterated water (D20). Measurements were referenced to DSS. The red curve corresponds to a
temperature of 277 K, black to 298 K, and blue to 340 K.

In general, a high degree of chemical shift redundancy was observed in the H-
and 2D-spectra as a result of the highly repetitive primary sequences. Figure 45
shows the !H-'H-TOCSY of Acid-ICEF/B3b2g as a representative example
(additional *H-'H-TOCSY spectra of the heteroassemblies are included in the
Appendix). It can be clearly seen that the high-field region, which includes the
methyl- and aliphatic groups as well as the H2-atoms, exhibits no separation of the
signals. Hence, the identification of the cysteine side chain, for example, was not
possible. In general, the chemical shift degeneracy rendered the assignment and
determination of intra- or intermolecular NOE contacts emanating from the cross
peaks impossible. Therefore, the chemical shift environment within the four
subunits is relatively equal, leading to the observed overlapping pattern. Chemical
shift degeneracy is not an atypical phenomenon in the structural analysis of coiled
coils.'>® However, most of the structurally studied coiled-coil structures previously
investigated by NMR spectroscopy are biologically active and thereby exhibit
variations in the heptad repeats.’®®160 |n addition, secondary structure

determination and characterization of helical structures formed by foldameric
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sequences comprising - and gamino acids has been performed for relatively short
peptide sequences using 2D-NMR spectroscopy. The sequences used to
determine the NOE patterns involved approximately ten residues or less.”3' 78161
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Figure 45: 1H-'H-TOCSY of Acid-ICEF/B3b2g (374 uM, total peptide concentration of 1:1 mixture)
in NMR buffer containing 100 mM phosphate buffer at pH 7.4, 20 mM potassium fluoride (KF),
0.1 mM sodium trimethylsilylpropanesulfonate (DSS), 4 mM sodium azide (NaNs) and 5%

deuterated water (D20). Measurement was performed at 298 K and referenced to DSS.

The measured heterotypic tetrameric coiled-coil designs incorporate five heptad
repeats for each sequence and are comparatively too large to allow for sufficiently
narrow line widths and consist largely of invariant sequence designs. A truncation
to three heptads involving the central 53/g*-pentad substitution of B3b2gmay have
led to adequate linewidth. However, it is not known whether these truncated
peptide sequences would associate and acquire appropriate stability. It has been
already shown that the chemical stabilities (based on GndHCI denaturation
experiments) are significantly diminished (see Section 3.1) for the assemblies

involving B3b2g in the original primary sequence when compared to the parental
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Acid-pp/Base-pp system. In addition, the peptide sequences were not isotopically
labeled, which further aggravated resolution due to the low natural abundance of
13C and N isotopes of 1.11%'%2 and 0.366%,'%3 respectively. This could not be
improved through HSQC measurements with more than 100 scans. Labeling of
peptide sequences for NMR spectroscopic measurements can be achieved by
bacterial expression involving isotope-labeled media. However, expression of the
alblgchimeric sequence is not straightforward because manipulation of genetic
code®® would be required to incorporate the central b3/ g*-module of B3b2g.
Moreover, the introduction of isotopically labeled amino acids through the solid-
phase peptide synthesis methodology involves escalating costs and relatively low
yields, which proves to be an unviable option.164 Searching the PDB database for
coiled-coil structures yields mainly data based on crystal structures. In contrast,
NMR data are rarely found. This indicates the immense difficulties associated with

the study of coiled coils in solution by NMR spectroscopy.

All'in all, the current designs of the heterotypic tetrameric coiled coils do not appear
to be suitable for NMR spectroscopic investigation in order to obtain structural data
information. Therefore, further methods were applied to obtain structural

information on the two Cys/Phe-motifs in assembly with B3b2g.

3.1.3 Vibrational sum-frequency generation spectroscopy:
investigating the thiol region of the Cys/Phe-motifs of all-a-

peptides in assembly with B3b2g

The tendency of heterotypic coiled-coil systems to form a-fibers greatly
complicates the structural investigation of the Cys/Phe-motifs in assembly with
B3b2g Vibrational SFG can provide structural information (see Section 1.4) on
coiled-coil systems at the air/water interface at a concentration range equivalent to
that used for CD-spectroscopy. The synthesized peptides exhibit surface activity
and are thus well-suited for this type of measurement. In addition, the molecular
data that are generated are not perturbed by the solvent.14"148 Hence, the study of
the thiol absorption of the assemblies that incorporate the Cys/Phe-motifs was

aimed at using this method. However, the physiochemical environment of the
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air/water interface that differs from the bulk phase may alter their molecular
structure.'*® To exclude these changes, the preservation of helical structures at the
amide | region was investigated and complemented by FT-IR measurements of the
bulk phase. Classical FT-IR measurements proved to be unsuitable to study the
thiol band in our experiments because very high concentrations are required, and
the background signals of the bulk medium significantly interfered with the
measurements. In addition, the strong bending vibration of water near 1640 cm™
correlated with the amide | region and led to problems with solvent subtraction in
the first measurement trials.'®> Therefore, on the one hand, deuterated buffer
solution was used, and on the other hand, 10-fold higher concentrations were used
to measure the FT-IR amide | region than those used for the vibrational SFG
measurements. Moreover, the 10-fold higher concentrations led to precipitation
and thus the measurement of assemblies that had formed a-fibers and/or

supramolecular structures.

Vibrational SFG data were generated in collaboration with Prof. Dr. Bjorn
Braunschweig from the Westféalische Wilhelms-Universitat Minster by M.Sc. Dana
Glikman and FT-IR measurements were performed in collaboration with Dr. Marius
Horch from the Freie Universitat Berlin by M.Sc. Cornelius Constantin Maria

Bernitzky.

The amide | region is the most sensitive spectral region to protein and peptide
secondary structure and arises mainly from the C=0 stretching vibration of the
amide group with minor contributions from the out-of-phase stretching vibration of
the C-N bond, CCN deformation, along with in-phase bending of the N-H bond.
These amide | vibrations in the region between 1700-1600 cm™ are directly
correlated with the backbone conformation, and certain secondary structural
features are associated with each frequency. Therefore, the amide | region is most
commonly used for secondary structure analysis. The corresponding band
positions for a-helices can be found in the region between 1648-1657 cm™ and in
D20 between 1642-1660 cm-1,166i 168

In both measurements, the vibrational SFG spectroscopic measurement
(Figure 46, top) and the FT-IR measurements (Figure 47), the helical secondary

structural features of the heterotypic assemblies are preserved. The vibrational
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SFG spectra show a maximum at approximately 1649 cm™* and the FT-IR
measurements show a broad absorption around 1643 cm™. In the FT-IR spectra,
absorption contributions are seen over a comparatively wide frequency range;
depending on the sample, the maximum is found somewhat below what is usually
reported for typical a-helices. Band shifts in the spectra might result from the
change in chemical bond weights as the hydrogen atom is replaced by deuterium
in H-N and H-O bonds.*¢” Minor differences could be attributed to differences in
the helical packing of amino acid side chains.'>® In addition, H-bonding to solvent
molecules may decrease the absorption frequency.'®® The additional Raman
contribution arising from the visible laser pulses during the SFG measurements
may also marginally affect the differences in the shifts compared to the FT-IR
measurements. However, the changes in the amide | absorption of the monomeric
peptide sequences compared to the helical bundles are better seen in the
vibrational SFG spectra (Figure 46, bottom). Here, Base-pp shows a maximum at
around 1646 cm, corresponding to an a-helical secondary structure. The acidic
monomeric sequences display a slightly broader absorption with a red-shifted
maximum at approximately 1644 cm' and some contributions in the a-helical
region. B3b2g, however, exhibits a broad absorption that differs from that of all
other monomers. Comparison of these absorption patterns in the amide | region
with the CD-spectroscopic measurements performed for the monomeric peptide
sequences, the secondary structure features to be in good agreement. While Base-
pp displayed a-helical secondary structure in the CD-measurements, the acid
sequences exhibited distorted a-helical structures and B3b2g random coil

formation (see Section 3.1).
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Figure 46: Vibrational SFG spectroscopic measurements at the air/water interface of the amide |
region of the equimolar mixtures with 20 uM total peptide concentration (top) and the monomeric

peptide sequences at 20 UM concentration (bottom) in phosphate buffer pH 7.4.
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Figure 47: FT-IR spectroscopic measurements of the equimolar peptide mixtures at 200 uM
peptide concentration and the monomeric peptide sequences at 100 uM peptide concentration in

deuterated phosphate buffer at pH 7.4.

The FT-IR spectra exhibit a pronounced absorption at 1673 cm™, and this
absorption is also evident in the vibrational SFG spectra, but less pronounced and
broadened. This absorption at higher wavenumber is usually attributed to &-sheet
structures. However, the strong COO- vibration of trifluoroacetic acid (TFA) was
found to contribute as an impurity to the amide region at 1673 cm* and should not
be erroneously assigned to the amide | region.1%%170 The peptides used were
synthesized and contain TFA counterions due to HPLC purification in which 0.1%
TFA was added to the eluents (see Section 5.4). To prevent TFA from interfering
with the amide | region, re-salting with HCI would have been beneficial.1’® The
absence of 6-sheet structure formation due to higher concentrations required for
the FT-IR measurements was also confirmed by the cryo-TEM measurements (see
Section 3.1), which showed a-fiber formation at higher concentrations. The a-fiber
FT-IR measurements, only displaying a-helical structure and disregarding the

1673 cm absorption originating from TFA, would be concordant with Szefczyk et
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al. They reported on al/b-chimeric peptides forming homotypic coiled coils and
subsequently a-nanofibers. The maxima of their attenuated total reflectance-FT-IR
measurements of the peptide powders in the amide | region were also assigned to

a-helical structures.1%®

Having shown that the amide | region retains the a-helical features of the coiled-
coil systems at the air/water interface and that the complemented FT-IR spectra
show similar features, the thiol region could be investigated by vibrational SFG

spectroscopy.

The thiol region was investigated for the first time using vibrational SFG
measurements. The S-H stretching vibration band, which can be observed in the
range between 2500-2600cm™, is of low intensity in IR spectroscopy.
Nevertheless, this stretching vibration is known to directly reflect the nature of
interactions, such as hydrogen bonding, of the S-H group with the environment of
the protein/peptide and/or the medium by shifts ranging from one wavenumber to
several dozen wavenumbers.’1174 Accordingly, attempts were made to determine
these shifts through vibrational SFG spectroscopy. Indeed, weak bands could be
identified for the thiol region. In order to analyze the shifts of the thiol bands, the
spectra were fitted considering the resonant and non-resonant part of the second-
order electric susceptibility ¢(@.175 The parameters for the fitting are included in the

Appendix.
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Figure 48: Vibrational SFG spectroscopic measurements at the air/water interface in the thiol
region in 10 mM phosphate buffer at pH 7.4 with 20 UM monomeric peptide concentration or 20 uM
total peptide concentration for equimolar peptide mixtures. The vertical column on the left includes
the acidic peptide sequences and the top row lists the monomeric basic peptides. The mixtures are
shown in the row as a cross to the corresponding acid sequence and the base peptide. Negative

controls are highlighted with a label on the right for the corresponding row.
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Figure 48 shows the vibrational SFG spectroscopic measurements in the thiol
region. Both base strands, the parental base strand and the a/b/gchimera show
no absorption in the thiol region, as expected. However, the three absorption bands
in the region above 2700 cm appear to be characteristic for both base strands,
since they are preserved in the measurements of the mixtures but are not present
for the acid sequences. They could originate from C-H stretches that are highly
red-shifted due to conformational constraints. The thiol bands are found for all
cysteine-containing sequences, but for the randomized ICEF sequence (Acid-
ranlCEF) it is barely visible. This can be attributed to several possible reasons: It
could be partly oxidized, or disulfide formation or NOS-bridging to the highly
abundant lysine side chains'’® in the sequences might have occurred, or it could
be due to weak saturation of the air/water interface. The methylated variants of the
Cys/Phe-motifs served as negative controls either as monomers or as mixtures
with B3b2g and showed no absorption in the thiol region. The Acid-CFLE/B3b2g
combination displays a blue-shift of the thiol band compared to its monomer. In
contrast, the Acid-ICEF/B3b2g mixture is red-shifted by approximately seven
wavenumbers compared to the Acid-ICEF. This downshift in wavenumber
indicates H-bonding in Acid-ICEF/B3b2g However, the combination of Acid-ICEF
and Base-pp leads to a stronger red-shift of about 15 wavenumbers and thus
stronger H-bonding. Here, the red-shifts are also associated with a higher
absorption, which is a characteristic phenomenon for the thiol band. Thus, the
observation of shifts in the S-H vibration correlates with structural changes in the

vicinity of the thiol group (Figure 49).177
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Figure 49: a) Schematic summary of the shifts in the thiol region of the peptide mixtures during the
vibrational SFG measurements at the air/water interface. The vertical column on the left includes
the acidic peptide sequences and the top row lists the monomeric basic peptides. The mixtures are
shown in the row as a cross to the corresponding acid sequence and base peptide. b) Color code

for the shifts in the thiol region and their corresponding characteristics.

The observation that the thiol bond is involved in H-bond formation in the Acid-
ICEF/B3b2g assembly is thus in agreement with the MD-simulation performed by
Nyakatura et al.1%2 CD-spectroscopic investigations in the presence and absence
of DTT for both Acid-CFLE and Acid-ICEF showed no significant differences for
the monomers, the mixtures, and the thermal denaturation of the mixtures with the
al bl gchimeric sequence (see Section 3.1). This indicates that the thiol groups in
the hydrophobic core of the assemblies are not disulfide-bonded. The Woolfson
group reported on two hexameric peptide coiled-coil assemblies involving cysteine
in different a-positions that are not disulfide-linked in their crystal structures.’®
Tamogami et al. recently reported the involvement of cysteine in the interhelical H-
bond interaction with aspartic acid in Acetabularia rhodopsin I1.17° In addition,
hydrogen bonding involving cysteine has been shown to promote structural
stability.18%181  Nevertheless, Acid-CFLE/B3b2g and Acid-ICEF/B3b2g differ
substantially in their thermal stability and in terms of substitutions to cysteine (see
Section 3.1.1). Here, the thiol band shifts showed a red-shift and hence H-bond
formation for Acid-ICEF/B3b2g This was not evident for the Acid-CFLE/B3b2g
mixture that displayed a blue-shift and hence a strengthening or contraction of the
S-H bond. Furthermore, incubation for several hours resulted in the disappearance

of the thiol absorption for the Acid-CFLE/B3b2g system indicating a tendency for
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