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Kurzzusammenfassung

Die Miniprotein grafting Methode (grafting = Englisch flir Veredelung; im medizinischen
Kontext auch im Sinne einer Transplantation verwendet) zielt darauf ab, ein Miniprotein so zu
modifizieren, dass es eine bestimmte Funktion erhalt. Das Miniprotein Trp-cage zeichnet sich
durch eine sehr stabile Faltung aus, die eine a-Helix mit zwei Windungen und eine kurze
Polyprolin-lI-helix umfasst. Da es keine eigene Funktion besitzt und nur aus 20 Aminosauren
besteht, eignet sich der Trp-cage ideal fir Modifikationen, die ihm bestimmte Funktionen
verleihen. In dieser Arbeit werden zwei verschiedene Anwendungen des Trp-cage grafting
vorgestellt.

In der ersten Anwendung soll die Trp-cage-Domdne verwendet werden, um die
Sekundarstruktur von a-helikalen antimikrobiellen Peptiden (aAMPs) zu stabilisieren. Viele
aAMPs besitzen eine starke antibakterielle Aktivitat und sind daher potenzielle Kandidaten fir
neue medizinische Antibiotika. Allerdings sind sie in Losung haufig unstrukturiert und bilden eine
a-helikale Struktur nur nach Assoziation mit einer Lipidmembran aus. Daher kdnnen sie leicht
von Proteasen abgebaut werden. Eine geeignete Strategie ihre Bioverfligbarkeit zu steigern, ist
die Stabilisierung ihrer Sekundarstruktur, was durch die kovalente Verknipfung zweier
Seitenketten innerhalb der Helix erreicht werden kann. Miniprotein grafting wurde bisher noch
nicht angewandt um die Helizitdt von aAMPs in Losung zu induzieren und so ihre Resistenz
gegen Peptidasen zu erhdhen. Diese Arbeit zeigt, wie die Fusion des bekannten aAMP KR-12 mit
einer Trp-cage-Domaéne zu einer Stabilisierung der a-helikalen Konformation im AMP-Teil des
Fusionsprodukts beitrégt, das als antimikrobieller Trp-cage (AMTC) bezeichnet wird. Die
Korrelation von Strukturdaten mit den Ergebnissen aus einer Analyse der enzymatischen
Abbaubarkeit konnte zeigen, dass die stabilisierte Struktur des AMTC fiir eine hohere Resistenz
gegen enzymatischen Abbau sorgt. Weitere AMTCs wurden entworfen indem das aAMP IsCT
mit einer Trp-cage-Domane fusioniert wurde und indem die a-Helix eines Trp-cage-Proteins zu
einer amphipatische Helix mit bis zu vier Windungen verdndert und verlangert wurde. Die
Aktivitat aller entworfenen AMTCs wurde in vitro gegen vier verschiedene Bakterien getestet.
Wahrend die Trp-cage-Domane allein keine Aktivitat zeigte, wiesen alle entworfenen AMTCs
eine antimikrobielle Aktivitat auf, deren Starke sich jedoch untereinander unterschied. Obwohl
ein Liposomen-Depolarisations-Test auf einen Membran-perforierenden Wirkmechanismus der
AMTCs hinwies, war die Porenbildung gegeniber menschlichen Erythrozyten nur schwach
ausgepragt. Folglich konnte das Trp-cage grafting aktive AMPs mit einer geringen hamolytischen
Aktivitat und erhohter Resistenz gegen enzymatischen Abbau hervorbringen.

Der zweite Ansatz des Trp-cage grafting diente der Erlangung von Photokontrolle tGber die
Trp-cage Faltung, also die Fahigkeit den Trp-cage durch die Bestrahlung mit Licht
unterschiedlicher Wellenldangen reversibel zwischen einem gefalteten und einem ungefalteten
Zustand hin- und herzuschalten. Um das switch cage genannte photoschaltbare Protein zu
erhalten, wurde der Trp-cage an der a-Helix mit einem neuen Diazocinderivat intramolekular
verknUpft. Das Diazocin ist in der Lage durch die Bestrahlung mit violettem Licht von einem
kompakten cis-Zustand zu einem langeren trans-Zustand zu isomerisieren. Die Rickreaktion
erfolgt langsam in der Dunkelheit oder sofort bei Bestrahlung mit griinem Licht. In Konjugation
mit dem Trp-cage unterstiitzt das cis-Diazocin die stabile Faltung des Miniproteins.
Insbesondere konnten mittels NMR-Spektroskopie zwei Diastereomere des gefalteten cis-switch
cage identifiziert werden, die interkonvertierbar sind und sich nur durch die Ausrichtung der
Diazocin-Verklpfungseinheit unterscheiden. Im Kontext des Proteins in wadssriger Losung
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konnte das Schalten zum trans-switch cage mit 46% Ausbeute erreicht werden. Die Ausbeute
war geringer als erwartet, da der negative Effekt des Wassers auf die Schaltbarkeit von
Diazocinen zum Zeitpunkt der Konzeptionierung der Studie noch nicht bekannt war. Der trans-
Zustand fiihrte dennoch zu einer kompletten Entfaltung des Trp-cages, ohne eine Aggregation
oder Fallung zu bewirken. Damit konnte diese Studie zeigen, dass es moglich ist die
Tertiarstruktur eines Proteins mit Hilfe einer an einer a-Helix angebrachten photoschaltbaren
Verkniipfungseinheit zu kontrollieren. Dank dieses Machbarkeitsnachweises kann die Strategie
nun auf kleine, funktionale Proteine oder Proteindomédnen (bertragen werden, um
Photokontrolle Gber ihre Funktion zu erlangen, da Funktion eines Proteins typischerweise direkt

von seiner Struktur abhangt.



Abstract

The miniprotein grafting method uses a non-functional miniprotein as a scaffold that can be
modified to exert a specific function. The miniprotein Trp-cage is characterized by a highly stable
fold including an a-helix of two turns and a short polyproline Il helix. Being non-functional and
only 20 residues in length, the Trp-cage is an ideal scaffold to be modified to achieve a specific
function. In this thesis, two approaches to Trp-cage grafting are presented.

The first approach aims to use the stable fold of the Trp-cage to stabilize the secondary
structure of an a-helical antimicrobial peptide (adAMP). Many oAMPs possess strong
antibacterial activity and are therefore considered as potential candidates for new antibiotic
therapeutics. tAMPs assume an a-helical structure upon association with a lipid membrane, but
are usually unstructured in solution. In consequence, they are highly susceptible to degradation
by proteases. A valid strategy to increase their bioavailability is the stabilization of their
secondary structure, which has been demonstrated by cross-linking two side chains of the
a-helix. Miniprotein grafting has not yet been explored to induce helicity in aAMPs in solution
to increase their resistance to degradation by peptidases. This thesis demonstrates how fusing
the well-known aAMP KR-12 to a Trp-cage domain may stabilize the a-helical conformation in
the AMP-derived section of the fusion product termed antimicrobial Trp-cage (AMTC).
Correlation of structural data with results from an enzymatic degradation assay provided
evidence that the stabilized structure resulted in a higher resistance to enzymatic degradation
of the AMTC. Other AMTCs were designed by fusing the aAMP IsCT to the Trp-cage domain and
by remodeling the Trp-cage’s a-helix into an amphipathic a-helix of up to four turns. The activity
of all designed AMTCs on four different bacteria was assessed in vitro. While the Trp-cage
domain alone was completely inactive, all designed AMTCs showed antimicrobial properties —
albeit with varying activities. A liposome depolarization assay indicated a pore-forming mode of
action of the AMTCs, but the pore-forming activity of the AMTCs with respect to human
erythrocytes was low. In conclusion, Trp-cage grafting provided active AMPs with low hemolytic
activity and increased resistance against enzymatic degradation.

The second approach to Trp-cage grafting achieved photocontrol of the Trp-cage fold, i.e. the
ability to reversibly switch the Trp-cage between a folded and an unfolded state by irradiation
with light of different wavelengths. To obtain the photoswitchable protein termed switch cage,
the Trp-cage was cross-linked at the a-helix with a new diazocine derivative. The diazocine was
able to isomerize from a compact cis-state to a longer trans-state upon irradiation with violet
light. The reverse reaction occurs slowly in the dark, or immediately upon irradiation with green
light. When the diazocine was conjugated to the Trp-cage, its shorter cis-state supported a stable
fold of the miniprotein. Notably, two different diastereomers of the folded cis-switch cage were
identified by NMR spectroscopy which are interconvertible and differ only in the orientation of
the diazocine cross-linker. In the context of the protein dissolved in water, switching to the
trans-switch cage was achieved with a yield of 46%. The conversion was lower than expected
because the negative effect of the aqueous environment on the switching efficiency of
diazocines was not known when the study was designed. Still, the trans-state led to complete
unfolding of the Trp-cage, but did not induce aggregation or precipitation. The study showed
that it is possible to control a protein’s tertiary structure by the isomerization of a photo-
switchable cross-linker attached to an a-helix. With this proof of concept at hand, the strategy
can be transferred to small functional proteins or protein domains to gain photocontrol over
their function, because a protein’s function is typically highly dependent on its structure.

Vi



A guide to this thesis

This semi-cumulative thesis is divided into eight chapters. The first chapter provides an
Introduction to the Trp-cage miniprotein and how it has been used in a strategy termed Trp-cage
grafting to stabilize a-helical peptide motifs with different functions. The second chapter briefly
describes the Objective of this thesis, which included the planning and execution of two new
Trp-cage grafting approaches.

Chapter 3 discusses the approaches to designing and characterizing different Trp-cage
variants with antimicrobial activity. | would like to highlight chapter 3.2. Antimicrobial peptides
because it provides an extensive literature review on a-helical antimicrobial peptides (dAMPs).
Many review papers on antimicrobial peptides (AMPs) have been published, but my review is
from a chemist’s point of view. The architecture of mammalian and bacterial cell envelopes are
described in detail, because (1) they are not sufficiently covered by the curriculum of chemistry
and (2) they are important targets of AMPs and provide the basis for their selectivity. After
having established the “playground” of AMPs, the review focuses on their mode of action.
Finally, it will conclude with a subchapter on aAMP design, before the thesis turns to the
experimental research regarding the antimicrobial Trp-cage. Most experimental results have
been published in the research article entitled “Designed Trp-cage proteins with antimicrobial
activity and enhanced stability” which is also part of chapter 3.

Chapter 4 focusses on the second Trp-cage grafting approach, which is the introduction of a
photoswitchable cross-linker to be able to fold and unfold the Trp-cage secondary and tertiary
structure by irradiation with light. The introduction to this chapter focuses on previous
approaches to gain photocontrol over functional a-helical peptides. The experimental works to
achieving a switchable Trp-cage have been described in the research article entitled “Visible-
light-driven photocontrol of the Trp-cage protein fold by a diazocine cross-linker” which is
included in chapter 4.

Chapter 5 discusses the Trp-cage grafting approach in general and summarizes the most
important findings of the experimental works. Furthermore, this chapter will answer the
guestion whether the two grafting approaches presented in this thesis may be combined.
Chapter 6 will provide experimental details one might need to reproduce the results from this
thesis. It also comprises the supplementary information published with the two original articles.
Chapter 7 and chapter 8 list the bibliography and the abbreviations, respectively.

Throughout the thesis, you will find references to (sub-)chapters, figures or tables in this
document. Those are printed in bold and (if you have a digital copy of this document) contain a
link to the corresponding chapter or display item. All references to the bibliography are
numbered, written in super-script in square brackets (e.g. “Avian pancreatic polypeptide (aPP)
is a small, globularly folded peptide.[*”) and contain clickable links. Whenever a reference to the
bibliography is given behind an expression (i.e. a word or a combination of words) the reference
belongs to that expression only (and probably not to the whole sentence). However, when a
reference to the bibliography is given behind a punctuation character it belongs to the whole
sentence or dependent clause. Sometimes it may be hard to tell, whether a string of capitalized
letters (e.g. AMTC) is an abbreviation or a peptide’s sequence. Therefore, sequences of peptides
or proteins will be written in the Courier New font (e.g. FPPPP).
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1.1. Protein grafting of pancreatic polypeptides

1. Introduction

1.1. Protein grafting of pancreatic polypeptides

Many peptide design approaches focus on the stabilization of the secondary and tertiary
structure of peptides because their function is often dependent on a proper fold. A prominent
example is the grafting of avian pancreatic polypeptide (aPP), a small and globularly folded
peptide!™. It belongs to a family of homologous peptides that play a role in the regulatory
processes of food uptake.?! The so-called PP family includes pancreatic polypeptides (PPs),
polypeptides YY (PYYs), and neuropeptides Y (NPYs). These are each 36 residues in length and
bear an amidated C-terminus, but have only limited sequence identity (Table 1).** Many
members of the PP family, i.e. aPP,[>> bovine PP (bPP),5! porcine PYY (pPYY),!* ® and human PYY
(hPYY),™ tend to fold into the same unique structure (Figure 1). The fold combines a polyproline
type Il (PPII) helix and an a-helix connected by a type Il B-turn. These elements of secondary
structure are in close contact through hydrophobic interactions sometimes referred to as knobs-
into-holes (KIH) packing. Three proline rings within the PPIl helix (Pro2, Pro5, and Pro8) are
interdigitating with nonpolar residues of the a-helix forming a hydrophobic core. The crystal
structure of aPP suggests stabilization of the fold through symmetrical dimerization,™ which was
confirmed by size exclusion chromatography”-® and ultracentrifugation!”. The dissociation
constant of the homodimer is approximately K4 = 30 nMm (at 28 °C and pH = 5).®! Interestingly,
most but not all members of the PP fold family are as susceptible to self-association in solution.
The intestinal hormone PYY also folds into the unique structure of PPs,”>% but as opposed to

aPP and bPP, pPYY is > 90% monomeric in solution at 1 mm concentrations.!* % 1%

Table 1: Sequences of PP family peptides. If available, their midpoint of thermal unfolding Ty, is listed.

. Sequence Tim Ref. and
Peptide . . °
PPIl helix  B-turn a-helix /°C remarks
GPSQPTYP GDDAP VEDLIRFYDNLQQYLNVVTRHRY-NH w
GPSQPTYP GDDAP VEDLIRFYDDLQQYLNVVTRHRY-NH Bl g
aPP GPSQPTYP GDDAP VEDLIRFYNDLQQYLNVVTRHRY-NH: Blp
GPSQPTYP GDDAP VEDLIRFYNDLQQYLNVVTRHRYCANH2-NH, 64 | ¢
GAMGPSQPTYP GDDAP VEDLIRFYDNLQQYLNVVTRHRY 55 124
bPP APLEPEYP GDNATP EQMAQYAAELRRYINMLTRPRY-NH, 3l
pPYY YPAKPEAP GEDAS PEELSRYYASLRHYLNLVTRQRY-NH: 43 14,9
hPYY YPIKPEAP GEDAS PEELNRYYASLRHYLNLVTRQRY-NH 2

a) Sequence as given in the report. b) Sequence from entry 2bf9 as deposited in the protein data bank (PDB) of the Research
Collaboratory for Structural Bioinformatics (RCSB). c) The cysteine thiol group is blocked with iodoacetamide. d) The melting point
was evidenced to be concentration dependent.

Figure 1: Structures PP family peptides. aPP (crystal structure; PDB entry 2bf9), bPP (repaired nuclear magnetic
resonance (NMR)-derived structure; 1bba) and pPYY (NMR-derived structure; 2rlk) display the typical PP fold.

The PP grafting strategy uses the stable fold of aPP and its relatives as a scaffold to stabilize
a functional peptide motif. The idea is to enhance the miniprotein with new functions such as
deoxyribonucleic acid (DNA) binding!*3®, protein binding®> 7728, catalytic activity!?*31],
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photoswitchability’®? or cell-penetrating properties** 334 This is achieved by incorporating the
functional epitope into its sequence whilst maintaining the unique fold. Mainly aPP, but also bPP
or PYY were subject to PP grafting. The versatility of PP grafting was evidenced by many studies
that proved successful in modifying either the a-helix or the PPII helix yielding a variety of
functional PP-derived miniproteins. A highlight of the PP grafting story is the design and
evolution of p007, which not only provided the proof of concept but also showed high affinity
to DNA even at room temperature.[*> 14 |n addition, this study laid the grounds for using phage
display in order to improve folding and binding of grafted PP family peptides.'* 3! Even though
the majority of PP grafting approaches relied on rational design, the phage display technology
was successfully applied in several studies including the development of the peptides p007
(DNA-binding)** 3! PPBH3 (apoptosis-regulating)i*”2¥, PPKID4" (regulatory domain of a
transcription factor)!*®, and miniprotein 3.3 (inhibitor of an oncoprotein)?.

In some cases, PP grafting paved the way for new technologies or concepts. For instance, the
development of KSDD, an allosteric inhibitor of an oncogenic herpesvirus protease, advanced
cancer research in the field of Kaposi’s sarcoma.?” Although its half maximal inhibitory
concentration (ICso) was not high enough for therapeutic applications, KSDD was the first
allosteric inhibitor of an important serine protease of Kaposi’'s sarcoma-associated herpesvirus
(KSHV). This research thus laid the grounds for a new therapeutic approach to treat KSHV
infections and based on these findings, more potent small molecule allosteric inhibitors have
been developed.’®-3 Similarly, aPP-based cell-penetrating miniproteins provided the basis for
developing highly potent zinc finger-derived miniproteins with the ability to deliver small
molecules and even proteins into the cytosol of cells.!**- 4%

Several properties of PPs are responsible for the versatility and hence the success of the PP
grafting approach. These include synthetic and biosynthetic accessibility, many mutable surface-
accessible residues that do not contribute to the fold, high stability of the fold, simple
characterization by circular dichroism (CD) spectroscopy, as well as two different partly solvent-
exposed secondary structures (a-helix, PPIl helix) available for modification. One disadvantage
of PP family peptides and their derivatives is the tendency to dimerize as this might reduce the
solvent accessible surface area of the peptide and thus might influence the affinity for its target.
Only a few grafted PP family peptides have been investigated with respect to homodimerization,
but it seems likely that, like aPP or bPP, many of the grafted PP family peptides have a tendency
to dimerize. A strictly monomeric miniprotein might avoid this drawback when being used as a
scaffold for protein grafting. Many different miniproteins are available for protein grafting with
potential for therapeutic applications.*y! One of them is the Trp-cage, a monomeric and
particularly small and stable protein that is the center of this dissertation.

1.2. The Trp-cage motif and exendin-4

The Trp-cage motif comprises an a-helix, one turn of a 310-helix, and a short polyproline Il
helix arranged in a defined tertiary structure. Its cooperative folding process is driven by the
eponymous encapsulation of a tryptophan side chain. The motif was discovered when examining
the 39-residue peptide exendin-4 by nuclear magnetic resonance (NMR) spectroscopy.*? At
NMR concentrations, exendin-4 is prone to aggregation, so the structure determination required
the presence of 30% 2,2,2-trifluoroethanol (TFE).*?! In exendin-4, the Trp-cage domain is located
at the C-terminus stabilizing an a-helix (Figure 2, bottom left). The helix succumbs to fraying at
its N-terminus gradually unfolding to a flexible N-terminal strand. Exendin-4 was originally
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isolated from the oral secretions of the lizard Gila monster (Heloderma suspectum) and was
analyzed because of its sequential similarity to the human hormone glucagon-like peptide 1
(GLP-1).*2l Exenatide, the synthetic equivalent of exendin-4, is approved as an active agent for
the treatment of diabetes mellitus type 2444 by the U.S. Food and Drug Administration (FDA)
as well as by the European Medicines Agency (EMA). Exendin-4 shows several antidiabetic
effects of GLP-1,1*? but has a significantly higher bioavailability*®! and a 30-fold longer half-life
in human blood plasma.*® These effects are the results of a higher resistance against enzymatic
proteolysis* which partly results from exendin-4’s tertiary structure.

Exendin-4: HGEGTFTSDL SKOMEEEAVR LEFIEWLKNGG PSSGAPPPS-NH;
TC5b: N LYIQWLKDGG PSSGRPPPS
TC10b: D AYAQWLKDGG PSSGRPPPS
E19: HGEGTFTSDL SKQMEEEAVR LYIQWLKEGG PSSGRPPPS

Figure 2: Alignment of sequences of exendin-4, TC5b, TC10b and E19 (top). NMR structures of exendin-4 (bottom,
left) and the Trp-cage miniprotein (bottom, right). The NMR-derived structure (bottom, left; PDB entry 1jrj, 1/36) is
based on NOE spectra recorded in the presence of 30% TFE to avoid aggregation. The NMR structure of the Trp-cage
TC10b (bottom, right; PDB entry 2jof, 1/28) is based on measurements in water without TFE.

The original Trp-cage miniprotein variant Tc5b was created by truncating exendin-4 and
mutating it at selected positions within the Trp-cage fold.*®! The research group of Niels H.
Andersen succeeded in stabilizing the Trp-cage fold and increasing its solubility in water to
obtain a highly stable miniprotein (T = 42 °C) of only 20 residues.*®! After the initial publication,
several mutations have been published that increase the stability even further and of which
TC10b is best characterized.*””*) An NMR-derived structure (Figure 2) of this highly stable
miniprotein (Tm = (58 £ 2) °C) illustrates how the W6 indole side chain is sandwiched by the
dipeptide G11-P12 as well as P18.1”) Due to strong ring current effects, protons located directly
above (P18 H®) or below (G11 H%?) the aromatic indole moiety are observed to have very large
chemical shift deviations (CSDs).*®%”! The indole moiety is flanked by the side chains of L7 on
one side and R16 on the other. The Y3 stabilizes the fold further by interactions with the central
W6 indole side chain, but also by forming a “hydrophobic staple”®”! with P19 thus keeping the
N- and C-terminus in close proximity. The Trp-cage may achieve even higher stability than TC10b
when a K8A mutation is implemented.[4” 48

Exendin-4 is prone to aggregation at NMR concentrations and its Trp-cage domain is not very
stably folded.[“? In order to increase the solubility, Petra Rovd, Andras Perczel and co-workers
set out to stabilize the Trp-cage domain of exendin-4 by implementing most mutations of the
first stably folded Trp-cage variant TC5b.”*? The resulting peptide E19 was an analogue of
exendin-4 with a stabilized Trp-cage domain. In comparison to exendin-4, E19 was shown to
have a more stable a-helical conformation as observed by CD spectroscopy and has a slightly
lower tendency to aggregate. However, stabilization of the Trp-cage domain slightly reduced the
ability to stimulate insulin secretion in cultured INS-1E cells.[**!
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1.3. Trp-cage grafting
1.3.1. ATrp-cage-based inhibitor of the E6 oncoprotein

Apart from their exceptionally stable fold, the Trp-cage variants optimized by Jonathan W.
Neidigh et al.[*=%® fulfill no biological function anymore. Therefore, the Trp-cage motif is an ideal
scaffold for protein grafting. Shortly after the original publication the Trp-cage miniprotein, Yuqi
Liu, James D. Baleja and co-workers grafted selected residues from a peptide inhibitor of the E6
protein of human papillomavirus (HPV) onto the scaffold of TC5b.”

For its replication, the human papillomavirus requires the viral proteins E6 and E7.15%52 The
E7 protein is responsible for interfering with the cell cycle progression of the infected cell."?
Without E6 proteins, this would lead to an up regulation of the tumor suppressor protein p53
resulting in apoptosis.®? However, the E6 protein is able to prevent the induction of apoptosis
by recruiting the E6-associated protein (E6AP), a cellular E3 ubiquitin ligase. EGAP binds to E6
via a short acidic motif with the sequence ELTLQELLGEER. The underlined residues of this
motif are in an a-helical conformation in the bound state, as shown by the crystal structure of
the E6AP-derived ligand bound to the E6 protein (Figure 3).°3! Upon docking to the binding site
of E6AP, E6 folds into the structure required to bind p53,°* which will then be ubiquitinated and
targeted for degradation.> >3 A potent binder of E6 at the E6-E6AP binding interface could
prevent p53 degradation by competitive inhibition of the E6-E6AP complex formation and
therefore be a potential therapeutic agent against HPV-derived cancers.

TC5b: NLYIQWLKDGGPSSGRPPPS
E6apn2: ALQELLGEYIQWLKDGGPSSGRPPPS
E6apl8: IPESSELTLQELLGEERR

Figure 3: Top: Sequence alignment of TC5b, E6apn2 and E6ap18. Bottom: Crystal structure of the E6-E6AP complex
(PDB entry 4giz; left and middle) and molecular model of E6apn2 (right). The E6-binding domain of E6AP (ribbon:
black and orange) is shown from two perspectives (left and middle) in complex with the E6 protein. The N-terminus
of the E6AP-derived peptide has a-helical structure, while its C-terminus is in an extended conformation. The three
leucine side chains (red) of the recognition motif are deeply buried in hydrophobic pockets of the E6 surface. The
ribbon of the LOELLGE motif that was grafted onto the Trp-cage protein is shown in black. The same elements are
colored in black in the model of the grafted Trp-cage protein termed E6apn2 (right). This model demonstrates that
the three leucine side chains (red) are at the same side of the a-helix as the Trp-cage domain. In consequence, E6apn2
can only bind the E6 pocket, when its helix is interrupted by a strong kink, or when the Trp-cage domain is unfolded.

When Yugqi Liu, James D. Baleja and co-workers set out to develop a Trp-cage-based E6-
binding miniprotein,’®® neither the crystal structure of the E6-E6AP complex®®® nor that of the
E6-E6AP-p53 complex® had been resolved. From NMR and CD spectroscopic measurements,
an 18-residue peptide inhibitor of E6 named E6ap18 was known to be partly a-helical in solution,
but its structure when bound to E6 was unknown.® The recognition motif LQELLGE of E6ap18
was grafted onto the helix of the Trp-cage TC5b.% The resulting peptide E6apn2 (Figure 3)
inhibited E6 (ICso = (26.2 + 4.8) uM), but it was not as potent as E6ap18 (ICso = (10.5 + 1.4) pm).15”
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Unfortunately, the Trp-cage-derived variant E6apn2 was prone to aggregation at low
millimolar concentrations precluding NMR-based structure determination.®” Figure 3 depicts a
molecular model of E6apn2 that was created based on the assumption that the Trp-cage induces
a stable a-helix from L2 to K14. It demonstrates that the chosen Trp-cage grafting approach is
not efficient because the leucine residues required for binding the E6 pocket are located at the
same side of the helix as the Trp-cage domain. This precludes the formation of a continuous
a-helix in the bound state and the strengths of the grafting approach, i.e. a preformed binding
epitope, cannot be exploited with E6apn2. Nevertheless, in light of the difficulties to design a
grafted protein without an elucidated structure of the target protein, it is remarkable that Yuqi
Liu, James D. Baleja, and co-workers were able to create miniproteins that are almost as potent
binders as the parent peptide E6ap18. Although in retrospect, Trp-cage grafting did not achieve
optimal results here, the Trp-cage remains an interesting scaffold for other grafting applications.

1.3.2. Ice-binding Trp-cage proteins

The development of a Trp-cage with ice-binding and antifreeze properties was pursued by
Matthias Lipfert®™, Joana Gronow®®, and Katrin Bamberg®® from the laboratory of Frank D.
Soénnichsen. Antifreeze proteins (AFPs), also referred to as ice-binding proteins (IBPs), are a class
of proteins present in organisms that are often exposed to temperatures below the freezing
point of water.” 8 These proteins are able to bind to the surface of ice crystals and kinetically
inhibit their growth thus preventing the organism from freezing to death.”® The well
characterized AFP termed type 1 isoform HPLC-6 (AFP1-6) is present in a single, continuous
o-helix in water at low temperatures. It comprises three 11-residue repeats displaying the
pattern TAXXAXAAAXX, where X can be alanine or a hydrophilic residue.” 58 Due to the high
alanine content, AFP1-6 is notoriously difficult to synthesize and purify. Truncation would
facilitate the synthesis, but the activity of AFP1-6 fragments is highly dependent on their
helicity,®® Y which is typically reduced in truncated versions of AFP1-6. Therefore, Trp-cage
grafting was successfully applied to stabilize the a-helix of short AFP1-6 fragments.5” 8 The
resulting ice-binding Trp-cages (IBTCs) showed ice-structuring and ice growth retardation
properties even though neither the Trp-cage nor the short AFP fragment alone showed these
effects.’”>! The Trp-cage induces a helical secondary structure in the AFP-derived part, thus
activating its antifreeze properties.

1.3.3. Photocontrol of the Trp-cage fold

Photoswitches are molecules that undergo a light-triggered reversible reaction between two
isomeric states.'®” %3 The activation energy to react from one isomer to the other is provided by
light. As both isomers are able to absorb light, illumination triggers the photoisomerization in
both directions resulting in a dynamic equilibrium termed photostationary state (PSS). Since the
efficiency of converting one isomer to the other is dependent on the wavelength, light of
different wavelengths may be used to shift the equilibrium towards one isomer or the other. In
a pioneering study, Matthias Lipfert from the Sénnichsen laboratory intended to synthesize a
Trp-cage equipped with a photoswitch allowing to unfold and refold the secondary and tertiary
structure.®” Starting from the Trp-cage TC10b[K8A]"” 48! the mutations A2K and S20K as well
as N-terminal acetylation were implemented.®” The resulting variant Ac-TC-KKA was cross-
linked with an azobenzene moiety between the two lysine side chains via active ester functional
groups resulting in a peptide termed Ac-TC-KKA-azo. Through irradiation with light the
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azobenzene moiety of Ac-TC-KKA-azo can isomerize reversibly between an extended, planar
trans-state and a contracted, bent cis-state. As expected, the cis-isomer of the cross-linker
supported the Trp-cage fold (Figure 4, left).5”! When Ac-TC-KKA-azo was irradiated with blue
light (450 nm), the azobenzene-moiety underwent an isomerization to the extended trans-
isomer. Originally, this isomerization was intended to disrupt the fold by pushing the termini
apart.”! Indeed, the Trp-cage loop (but not the a-helix) was unfolded in the trans-state of
Ac-TC-KKA-azo (Figure 4, right).””) However, this was not an effect of the length increase of
azobenzene - the highly flexible lysine side chains compensated the cross-linker’s increase in
length. Instead, the planar and highly hydrophobic trans-azobenzene moiety was shown to be
interacting with Y3 and W6 thus efficiently competing with the hydrophobic cluster of the Trp-
cage whilst keeping the helix intact.®” The isomerization was reversible by irradiation with
ultraviolet (UV) light (350 nm) which produced a PSS of approximately 70% cis-isomer.l>”!

Figure 4: Ac-TC-KKA-azo is shown in its cis- (left) and trans-configuration (right). This figure is an adaption of Figure
1.4.10 from ref.57] and was created with permission from Matthias Lipfert. The PDB files of both structures were
created by Matthias Lipfert. Note that this figure shows the Trp-cage from the backside to show the cross-linker, while
most depictions in this thesis show the Trp-cage from its frontside.

1.3.4. En route to photoswitchable ice-binding proteins

In an early study of the Sénnichsen group, implementation of photoswitchability in AFP1-6
by cross-linking the peptide with an azobenzene moiety was prevented by the high
hydrophobicity of the azobenzene-peptide conjugate.®” In contrast, ice-binding Trp-cages
(IBTCs) exhibit ice growth retardation properties and are highly soluble. If photoswitchability of
the Trp-cage fold could be achieved, the photoresponsive folding or unfolding might encompass
the entire a-helix (Figure 5) leading to switchable ice-binding properties.

Figure 5: Models of AFP-TC-5c-azo in its cis-configuration (left) and trans-configuration (right). The ice-binding site
of cis-AFP-TC-5c-azo is at the side of the helix opposite to the Trp-cage domain.

Incorporating the photoswitchable azobenzene cross-linker into the ice-binding Trp-cage
resulted in the protein termed AFP-TC-5c-azo.®® Characterization of AFP-TC-5-azo by NMR
spectroscopy revealed multiple un- or misfolded by-forms many of which did not respond to
irradiation. However, further investigation provided evidence of switchability of the Trp-cage,
i.e. a folded Trp-cage domain was present in the main cis-state, but not in the main trans-state
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of AFP-TC-5c-azo. Unfortunately, the large amount of uncharacterized by-forms complicated
the correlation of NMR and CD spectroscopy results. Furthermore, the high hydrophobicity of
AFP-TC-5c-azo not only resulted in slow aggregation, but also created strong artifacts in assays
to determine the antifreeze activity preventing a meaningful comparison of the different
photostationary states.® In conclusion, future works need to address the high hydrophobicity
of unfolded Trp-cage-azobenzene conjugates to facilitate applications in aqueous environments.

1.3.5. En route to antimicrobial Trp-cage proteins

In an approach analogous to designing the IBTC, one can envision to fuse a linear, a-helical
antimicrobial peptide (dAMP) to a Trp-cage domain to form an antimicrobial Trp-cage (AMTC).
oAMPs are a class of short peptides with the ability to kill bacteria or inhibit their growth. To
estimate the feasibility and prospects of success of fusing an aAMP with a Trp-cage domain, two
different AMTCs (Table 2) were designed in preliminary works with contributions from
Matthias Lipfert, Nils PreulRke, Andrea Gianesini, and Frank D. Sonnichsen. These AMTCs were
based on the aAMPs KR-12[%4 and IsCT!®>®! KR-12 is a 12-residue fragment of human
cathelicidin LL-37,[*" whereas IsCT is a 13-residue aAMP isolated from Opisthacanthus
madagascariensis scorpion venom!®®. In silico, KR-12 and IsCT were fused to the N-terminus of
the Trp-cage TC-KKA to obtain models of the two desired AMTCs, i.e. AMTC31-6 (KR-12-derived)
and AMTC33-2 (IsCT-derived). In the case of AMTC31-6, the C-terminal helix capping residue D1
of TC-KKA had to be deleted in order to align the hydrophobic face of the AMP with the
hydrophobic side of the Trp-cage helix. In contrast, AMTC33-2 was designed without any
additions to or deletions in the Trp-cage or the AMP part, as the hydrophobic faces of both
helical parts were aligned upon simple fusion of both parts. The resulting antimicrobial Trp-cages
were shown to have a stable a-helical structure at 1 °C as determined by CD spectroscopy,
whereas their parent peptides, KR-12 and IsCT, were unstructured in solution under the same
conditions (Figure 6).1”)

Table 2: Sequence, length and charge of the AMTCs and their parent peptides.

Peptide Sequence Length | Charge
Ac-TC-KKA Ac-DKYAQWLADGGPSSGRPPPK 20 0
KR-12 KRIVQRIKDFLR-NH>2 12 +5
AMTC31-6 KRIVOQRIKDFLRKYAQWLADGGPSSGRPPPK 31 +6
IsCT ILGKIWEGIKSLF-NH2 13 +2
AMTC33-2 ILGKIWEGIKSLFDKYAQWLADGGPSSGRPPPK 33 +2
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Figure 6: CD spectra of the AMTCs and their parent peptides. The mean residue molar ellipticity []MR is plotted
over the wavelength A. The spectra were recorded at 1 °C in 50 mm phosphate buffer at pH = 7.2 by accumulation of
three measurements and with background subtraction. The data were acquired by Matthias Lipfert and are printed
here with permission. © Matthias Lipfert, 2016, all rights reserved.
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The pancreatic polypeptide (PP) fold has been used for more than 20 years as a scaffold to
preorganize different a-helical binding epitopes or catalytic sites. In contrast, grafting of the
Trp-cage miniprotein has not been widely applied, even though it is also characterized by a
highly stable fold with an a-helix and a PPII helix. Using two independent examples, this thesis
aims to explore and expand the potential of the Trp-cage as a scaffold for protein grafting.

The first example of Trp-cage grafting aims to provide a Trp-cage with antimicrobial activity
by fusing it to an a-helical antimicrobial peptide (A AMP). Because of their activity against a broad
range of pathogens, aAMPs are under investigation to develop peptide-based antibiotics. The
chapter begins with a description of the mammalian and the bacterial cell envelope to
understand the interactions of aAMPs with a cell. Subsequently, their mode of action and
approaches to designing aAMPs will be reviewed. The review will conclude by summarizing
which challenges still have to be resolved in order to develop aAMPs into an antibiotic drug.
One of those challenges is the susceptibility to enzymatic degradation. As a stable fold may
reduce the susceptibility to proteolytic cleavage, stabilizing the helical structure of an adAMP by
fusing it with a Trp-cage domain may be a viable strategy to increase the bioavailability of
aAMPs. This hypothesis will be tested in experimental studies using AMTC31-6 and AMTC33-2.
An additional AMTC will be created by mutating and extending the a-helix of TC-KKA to achieve
a shorter antimicrobial Trp-cage compared to AMTC31-6 and AMTC33-2. Overall, this work is
intended to identify, whether the a stable Trp-cage fold can be maintained in the AMTCs and
whether it may stabilize the a-helix sufficiently to decrease the susceptibility to cleavage by
proteases compared to unstructured aAMPs in solution. For this reason, the AMTCs will be
characterized with regard to their structure in solution and their resistance to enzymatic
proteolysis. The activity of the peptides will be assessed in microdilution assays with Gram-
positive and Gram-negative bacteria in order to determine the minimal inhibitory concentration
(MIC) and minimal bactericidal concentration (MBC). As a first indicator regarding the toxicity of
the peptides, a hemolysis assay will quantify the activity against human erythrocytes.

The second example of Trp-cage grafting will cover the targeted manipulation of peptide and
protein structures using a photoresponsive cross-linker. The chapter will describe how a-helical
peptides equipped with azobenzene-based cross-linkers can be switched between folded and
disordered conformations using light of different wavelengths. In addition, applications of this
approach will be reviewed, where the structural changes have been used to activate or
inactivate binding of DNA, RNA or proteins. Furthermore, a discussion regarding the challenges
of applying photoswitches in vivo will be provided. While the fold of simple helices can be
efficiently controlled using azobenzene-based cross-linkers, it is unclear whether this approach
also works in the context of a protein’s tertiary structure and whether it may lead to reversible
folding and unfolding of a (mini)protein. In experimental works, a diazocine, i.e. an azobenzene
derivative, will be covalently attached to the a-helix of a Trp-cage protein. The two isomeric
states of the Trp-cage-cross-linker conjugate will be analyzed by NMR spectroscopy and
switching efficiencies will be determined. Characterization of the fold state by NMR and CD
spectroscopy will identify, whether the Trp-cage fold can be reversibly unfolded and refolded
upon irradiation with light of different wavelengths. If these experiments are successful, the
concept may be applied to functional proteins in future studies to control their fold and thus
their function.
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3.1. The antibiotic resistance crisis

Microbial resistances against antibiotics are occurring worldwide at an increasing pace. This
development poses a serious threat to the therapeutic efficiency of various medical
treatments.'®® Since the discovery of penicillin by Sir Alexander Fleming in 1928, antibiotics have
revolutionized modern medicine and are now indispensable for the treatment of bacterial
infections and chronic diseases, for chemotherapies and for complex surgeries.'® Microbial
resistances against penicillin have been known even before it was available for civic use in 1943.
In the 1950s, microbial resistance to antibiotics became a clinical problem that was efficiently
dealt with by developing new antibiotics until the late 1980s. Since the 1990s, multiresistant
pathogens have been known that make bacterial infections life threatening again.[®® % There
are two general causes why the development of resistances in microbes is becoming a serious
threat to our society. The first is the clinical and agricultural mis- or overuse of antibiotics that
lead to evolutionary pressure among pathogens giving rise to resistances.®® As a result,
antibiotics are losing their therapeutic effect. The second reason is that less new antibiotics are
being developed.!?® Resistances against existing antibiotics are unproblematic as long as new,
potent drugs can replace compounds that have become ineffective. Since the 1980’s, however,
the number of approvals of new antibiotics is declining, while antibiotic resistant pathogens are
on the rise.[8

Mis- and overuse of antibiotics not only pose a threat to our health, but also to the
environment.”>72 Unfortunately, the persistence of antibiotics, especially of fluoroquinolones,
in the environment is very high due to their limited biodegradability.”?! For the potency of an
antibiotic, chemical stability is an advantage because it contributes to a high bioavailability when
no degradation of the compound occurs in the host. Once the substance is excreted, however,
its stability is a major disadvantage if it precludes quantitative degradation and inactivation in
the nature. Antibiotics used in veterinary medicine, as well as in animal husbandry find their way
into the environment for example through the application of manure onto fields to fertilize
soils.”*771 Although the use of antibiotic as growth promoters in livestock farming and
aquaculture is banned in the European Union (EU) and many other countries, the global
consumption of antibiotics in animal husbandry remains high and is predicted to increase on all
continents.”® As a direct consequence, the emergence of antibiotic resistant bacteria in animals
bred in low- and middle-income countries is increasing.[’”!

High concentrations of antibiotics can also be found in municipal wastewater, especially in
the effluents of hospitals. Modern sewage treatment is able to drastically reduce the amount of
antibiotics’>2% and the residual antibiotics in the effluents of a sewage treatment plant were
shown not to drive the evolution of antibiotic-resistant bacteria.®" 82 However, heavy rains may
lead to sewer overflows resulting in pollution of the environment with antibiotics or antibiotic
resistant bacteria.®? Furthermore, in vitro studies have shown that concentrations as low as
0.1 ug I'* of ciprofloxacin, a fluoroquinolone antibiotic, can induce resistance in bacteria.® This
concentration is well below its concentrations found in some surface waters or in the effluents
of sewage treatment plants.®* Environmental pollution with antibiotics may change the
microbiome of ecosystems and consequently affect the whole biotope.’" Thus, it may lead to a
qualitative and quantitative change in the bacterial fauna resulting for instance in altered
decomposition rates of organic matter.’% 7Y Additionally, toxic effects on the living fauna and
the aforementioned increased emergence of bacterial resistances are plausible.l’"
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To combat the resistance problem, a drastic reduction of the overuse of antibiotics is
necessary. This can mitigate the evolutionary pressure on non-resistant bacteria and slow down
the emergence of new resistances. In addition, new antibiotics have to be developed to replace
those that have become ineffective due to antibiotic resistance in pathogens.

While the first antibiotics, including penicillin or streptomycin, were natural products,
modern antibiotics are either chemically modified natural compounds or synthetic drugs.®* One
way of reducing the negative impact of drugs when released into the environment is the Benign
by Design strategy. This concept implies the development of therapeutics that are sufficiently
active in the host, but susceptible to degradation in the environment.!®! For example, Christoph
Leder, Klaus Kiimmerer et al. developed the ciprofloxacin derivative CIP-Hemi that degrades in
mildly acidic environments into less active compounds (Figure 7).[8¢!

HN
O

Ciprofloxacin CIP-Hemi CIP-d-CP Tetrahydrofuran-2-ol
MIC(S. aureus) = 1 ug ml"! MIC(S. aureus) = 10 pg ml! MIC(S. aureus) = >32 yg ml"!
MIC(E. coli) = 0.01 ug ml-! MIC(E. coli) = 1 yg ml! MIC(E. coli) = 16 yg ml-!

Figure 7: Chemical structures and minimal inhibitory concentrations of the fluoroquinolones ciprofloxacin and CIP-
Hemi, as well as the primary degradation products of the latter.[8! In acidic environments, CIP-Hemi is hydrolyzed
to the less active CIP-d-CP and tetrahydrofuran-2-ol. Tetrahydrofuran-2-ol in turn is degraded into y-hydroxybutyric
acid, which subsequently degrades into CO, and H,0. The minimal inhibitory concentration (MIC) is the concentration
of a compound that inhibits the propagation of a microbial organism in vitro. MICs are provided for the bacteria
Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli).86]

A different class of compounds with high antimicrobial activity comprises antimicrobial
peptides (AMPs). While conventional antibiotics are degraded very slowly, peptides are cleaved
with high efficiency by any living organism on the planet. In consequence, bioavailability of AMPs
is limited by their fast degradation and different strategies have been developed to increase
their bioavailability. This chapter provides a review on a-helical AMPs (adAMPs; the largest class
of AMPs) and presents a strategy, how a Trp-cage domain may be used to reduce their
susceptibility to enzymatic degradation. The approach aims to improve their bioavailability to
facilitate their use as therapeutic agents in the future.

3.2. Antimicrobial peptides

The multifunctional, fast, and microbicidal immune response of the innate immune system
is in part affected by gene-encoded host defense peptides (HDPs) that are present in virtually
every eukaryotic organism.®~° Historically, the activity of those HDPs was entirely attributed
to their direct inhibition or killing of pathogens,'® hence the original denomination as
antimicrobial peptides (AMPs). Nowadays, both terms are often used synonymously. In this
work, however, the term HDP will be used to describe peptides released by an organism to
defend itself against infection. The mode of action of HDPs may therefore be
immunomodulatory and/or directly antimicrobial.®®°? Immunomodulatory peptides of
synthetic origin will be termed innate defense regulators (IDRs),®? while the term AMP includes
synthetic and natural peptides with direct antimicrobial activity, i.e. killing or growth inhibition
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of bacteria evidenced in vitro. By those definitions, AMP and HDP are no synonyms, although
many peptides can be assigned to both groups. The immunomodulatory effects of HDPs have
been reviewed extensively!® 892931 gnd are beyond the scope of this thesis.

There is a broad sequential and structural variety among AMPs. Based on their secondary
structure, AMPs can be divided into four groups: a-helical, B-sheet, extended, and loop AMPs, ¥
the largest groups being a-helical and B-sheet peptides.®> Common features involve a positive
net charge allowing them to interact with the negatively charged microbial cell surface, and
amphipathicity to insert into the lipid membrane.l® %! Perturbation and disruption of the
bacterial membrane is a common reason for the antimicrobial activity of AMPs, but they may
also attack intracellular targets — often after “self-promoted uptake”®®¥ across the bacterial
membranes. For instance, some AMPs have been shown to bind DNA or ribonucleic acid (RNA)
or to inhibit RNA synthesis or protein synthesis. Regardless of the precise mode of action,
knowledge about the cell envelope of mammalian and bacterial cells is crucial to understanding
antimicrobial peptides.

3.2.1. Mammalian and bacterial cell envelopes

Once AMPs encounter a cell, they interact with the cell envelope. This interaction is
dependent on both the AMP and the architecture of the cell envelope. The term cell envelope
includes the plasma membrane (also referred to as cytoplasmic membrane) and any of the
following components if present: the periplasm, the peptidoglycan, the outer membrane, the
lipopolysaccharide (LPS) layer, the surface layer (S-layer), and the glycocalyx.

In general, plasma membranes of both, bacteria and mammals, are composed of lipids and
contain membrane spanning integral proteins as well as peripheral proteins.’’-?! The current
understanding of cell membranes follows the fluid mosaic model®” which has been refined to
include a higher complexity and organization, limited lateral diffusion of lipids and proteins, as
well as the existence of lipid domains, e.g. lipid rafts.®®! In detail, composition of the plasma
membrane differs greatly between mammals and bacteria, providing a basis for AMP selectivity,
because mammalian cell envelopes typically possess several features precluding or reducing
harmful actions of AMPs. However, there are also differences in mammalian membrane
composition between species, tissues, and cell types.['° The diversity in bacterial membrane
composition is not only dependent on Gram-staining sensitivity or on the species, but also on
the environment, as bacterial membranes are known to adapt to environmental challenges by
changing the lipid composition.!*®Y This kind of diversity is not only present in the membrane
composition, but also in the other components of the cell envelope.l**2 However, to design a
broadly potent aAMP it is necessary to use a less diverse and more general model of the cell
envelope that displays the major differences between mammalian and bacterial cells. This
subchapter provides insight into the structural composition of bacterial and mammalian cell
envelopes starting from the innermost layer, the cytoplasmic membrane.

3.2.1.1. Mammalian cell envelopes

Mammalian cells have a relatively rigid plasma membrane as it has to compensate for the
lack of a cell wall.*®! To achieve this high stability, equimolar quantities of rigid cholesterol and
more flexible phospholipids (Figure 8) are incorporated into the mammalian plasma
membrane.'® The most abundant phospholipids in the membrane are zwitterionic, i.e.
phosphatidylcholine, sphingomyelin, and phosphatidylethanolamine.’®! Lipids with a net
negative charge such as phosphatidylinositol and phosphatidylserine only make up circa
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10 mol% of all lipid compounds in the mammalian plasma membrane.*®® The distribution of
phospholipids differs between its inner leaflet and outer leaflet.[!%-1% phosphatidylserine!*%4
and phosphatidylethanolamine are mainly found in the cytosolic leaflet, whereas the outer
leaflet is dominated by sphingomyelin and phosphatidylcholine.'%71%! As 3 result, the plasma
membrane of eukaryotic cells displays an overall neutral charge to the exterior of the cell.

The two leaflets of the mammalian cytoplasmic membrane are not only different regarding
the distribution of the lipid head groups, but also in terms of acyl chain unsaturation.['®®! The
exoplasmic leaflet is more ordered and less fluid because its lipids have a rather low degree of
unsaturated acyl chains, whereas the lipids of the inner leaflet have a higher degree of
unsaturation rendering the inner leaflet more diffusive./*%®!
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Figure 8: Chemical structures of lipid head groups found in eukaryotic cell membranes in the order of their
abundance (top = most abundant).[193] The residues R are not necessarily identical and may be saturated or partially
unsaturated linear aliphatic chains.

In addition to the lipid fraction, eukaryotic plasma membranes are densely populated by
proteins.'®! A typical lipid-protein ratio by weight of roughly 1:1 can be found in most eukaryotic
plasma membranes.® However, lipids and proteins are not evenly distributed in the membrane
but tend to form domains of specifically associated lipids and proteins. [0 109

Due to the lipophilic nature of the lipid bilayer, the cytoplasmic membranes constitute a
barrier for hydrophilic ions. This allows the build-up of an electrostatic gradient through the
membrane, the so-called transmembrane potential. lon pumps in the mammalian plasma
membrane generate a high K* concentration and a low Na* concentration inside the cell.[**"!
Especially the Na*/K*-ATPase is involved in the generation of these concentration gradients. It
transports three sodium ions from the cytoplasm to the extracellular medium in exchange for
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the import of only two potassium ions resulting in the build-up of a negative transmembrane
potential.'** 112 The potential is increased (i.e. more negative) by continuous conductance of K*
along its concentration gradient through selective K* channels.™*?! In consequence, the resulting
transmembrane potential is with values around Ueq =-70 mV111% 113l close to the Nernstian
equilibrium potential of K*.[113/114]

On the outside of the plasma membrane lies the glycocalyx,**> which is particularly well
studied in endothelial cells.™*'®! Covering every living cell in nature,*** the glycocalyx is a mesh
of glycans, which are the carbohydrate portions of proteoglycans, glycoproteins, and glycolipids.
In mammals, the glycocalyx is anchored to the plasma membrane via lipids or membrane
proteins. The glycans usually are large, flexible, highly hydrated, and often anionic.*'”! Because
these glycans are displayed at the cell surface, they constitute a major interface for the
interaction with neighboring cells, symbionts, pathogens, and the environment in general.[*1> 117]

When assessing the activity of AMPs, their effects on bacteria as well as on mammalian cells
are usually tested. While common bacteria such as Escherichia coli (E. coli), Pseudomonas
aeruginosa (P. aeruginosa), and Staphylococcus aureus (S. aureus) are easily grown in liquid and
on solid media, culturing primary cells derived from healthy tissues is very complex. Therefore,
mammalian cell cultures mainly rely on tumor-derived cell lines.™**® Unfortunately, tumor cells
have a different membrane composition than healthy cells.***! In consequence, erythrocytes
(also referred to as red blood cells, RBCs) are often used in studies to represent mammalian
cells.’? They can be easily obtained through blood donations and their overall membrane
composition and lipid distribution between the inner and outer leaflet is in fact similar to the
prototypical mammalian cell envelope described above.l*?"122 Another advantage of
erythrocytes is the simple detectability of hemoglobin leakage upon membrane disruption by
an AMP, which is exploited in so-called hemolysis assays.*?* 124 These features qualify RBCs to
represent mammalian cells in hemolysis assays as a first indicator of AMP toxicity. However,
there are certain discrepancies between erythrocytes and other mammalian cell types, that limit
the applicability of RBCs as a general model of mammalian cell. For instance, the transmembrane
potential of human RBCs is with approximately Ueq = -10 mV[1%7127] |ess negative than that of
other mammalian cells. Presumably, this makes human erythrocytes more resistant against
cationic AMPs because larger, i.e. more negative, transmembrane potentials facilitate the
membrane disruption through cationic AMPs. Secondly, the RBC membrane is stabilized by a
two-dimensional network of skeletal protein filaments, which is located inside the cell close to
the membrane.*?? The membrane skeleton is covalently attached to transmembrane proteins
and non-covalently bound by anionic phospholipids of the inner leaflet.}?? |t confers the
necessary stability and elasticity to the erythrocyte membrane enabling drastic deformations of
RBCs.*?2 |t appears plausible that this stabilization not only prevents membrane breakup,
vesiculation, or cell fragmentation under mechanical stress, but also increases the resistance
against cationic AMPs. A further drawback of using mammalian RBCs to assess the toxicity of
AMPs to mammalian cells is their lack of a nucleus and cell organelles. 2! Thus, hemolysis assays
provide no or only limited insight how an AMP may affect internal targets of mammalian cells.

In conclusion, the absence of hemolytic behavior in AMPs does not necessarily imply low
toxicity towards mammalian cells as hemolysis tests tend to underestimate the lytic potential of
AMPs and do not report on how internal targets would be affected. Nonetheless, erythrocytes
are well suited to serve as an inexpensive and easily obtainable model for the mammalian cell
membrane and hemolysis assays may provide first insights into the lytic behavior of AMPs.
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3.2.1.2. Bacterial cell envelopes

Like eukaryotes, bacteria possess a lipid bilayer membrane bordering the cytoplasm,?®
albeit with a different lipid composition. Main components of the bacterial cytoplasmic
membrane are the zwitterionic phosphatidylethanolamine, as well as the anionic lipids
phosphatidylglycerol and cardiolipin (Figure 9).'*°! Additionally, bacteria may incorporate
phosphatidylcholine, phosphatidylserine, phosphatidylinositol or phosphate-lacking lipids into
their membrane.[0% 1021291 Ag 3 result of the lipid composition, the surface of the bacterial
plasma membrane is negatively charged, which is in contrast to the overall neutral outer leaflet
of the mammalian cytoplasmic membrane.
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Figure 9: Chemical structures of lipid head groups found in bacterial cell membranes. Their abundance is highly
dependent on the bacterial species as well as environmental factors. The residues R are not necessarily identical and
may be saturated or partially unsaturated linear aliphatic chains.[12°]
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Bacteria lack intracellular organelles and must incorporate many membrane proteins into the
cytoplasmic membrane, the eukaryotic equivalents of which are associated with membranes of
organelles.' For instance, in eukaryotes the complexes of the respiratory chain are found in
the inner membranes of mitochondria, where they produce a proton gradient and ipso facto an
electrostatic gradient between the mitochondrial matrix (high pH) and the intermembrane
space (low pH)."3% This proton gradient is exploited by ATP synthase that uses the proton motive
force to synthesize ATP from ADP and phosphate. In respiring bacteria, these functions are
located in the cytoplasmic membrane pumping protons out of the bacterium.!*?® This leads to a
larger transmembrane potential compared to eukaryotic cells. Typical transmembrane
potentials of respiring, neutrophilic bacteria reach levels around Ueq = -150 mV.[131

Apart from these differences in membrane composition and transmembrane potential, the
cell envelope of bacteria differs greatly from that of mammals because bacteria generally
possess a cell wall (Figure 10). Most bacteria can be divided into being either Gram-positive or
Gram-negative, depending on their sensitivity to the Gram-staining method."?® Typical
representatives of Gram-positive bacteria and well-studied model organisms are Micrococcus
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luteus (M. luteus), Bacillus subtilis (B. subtilis), and S. aureus.**? Gram-positive bacteria mainly
incorporate phosphatidylglycerol, cardiolipin, and the lipid part of lipoteichoic acids into their
plasma membrane.!*?®! Outside the cytoplasmic membrane lies the cell wall composed of its
main component peptidoglycan as well as teichoic acids.[*°% 28] peptidoglycan is composed of
alternating, B-(1,4)-linked N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM).[228] The
long strands are interconnected by short, overall negatively charged peptide chains containing
proteinogenic and non-proteinogenic amino acids.[*?®! Usually, the cell wall of Gram-positive
bacteria is thick (circa 30 nm — 100 nm) and contains multiple layers of peptidoglycan.[?3 129
Embedded in the peptidoglycan are teichoic acids, i.e. linear polymers of glycerol phosphate,
glucosyl phosphate or ribitol phosphate.*?®1%2 There are p-alanine or D-glucose molecules
attached to the glycerol or ribitol moieties of the teichoic acids.!*?® The strands of wall teichoic
acids are covalently bound to the peptidoglycan, whereas lipoteichoic acids are connected to
membrane lipids.[%> 128 Dye to their negative charge, teichoic acids bind divalent cations such
as Ca?* and Mg?*.[192. 1281 5trands of wall teichoic acids are known to protrude through and beyond
the peptidoglycan layers into the aqueous environment of the cell.[%
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Figure 10: Cross-section of a Gram-negative bacterium (top). Cell wall and membrane(s) of Gram-positive and
Gram-negative bacteria (bottom). © Rebekka M. Bamert, 2018, all rights reserved.
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The cell envelope of Gram-negative bacteria includes at least the cytoplasmic membrane, the
periplasm, a thin peptidoglycan layer, a second membrane termed the outer membrane and the
LPS layer.[*28l Most research on Gram-negative bacteria targeted E. coli,[*°" 1021321 3 common
model organism in microbiology. Like the plasma membrane of Gram-positive bacteria, that of
Gram-negative bacteria is mainly composed of lipids and embedded proteins. The lipid fraction
typically contains phosphatidylethanolamine and phosphatidylglycerol, usually with higher
amounts of phosphatidylethanolamine.[*?®! Additionally, cardiolipin is also abundant with a
typical share of 5% — 10% of all lipids.'*®! Phosphatidylserine and other lipids are less
common.*% Qutside of the cytoplasmic membrane lies the periplasm which is isolated from the
exterior of the cell by the outer membrane.*%? The periplasm is more viscous than the cytoplasm
due to its high content of proteins and solutes.[*°> 128l Embedded into the periplasm with a gap
to both neighboring membranes lies a thin layer of overall negatively charged peptidoglycan
(circa3 nm—5 nm).[*2% 1291 A5 opposed to the Gram-positive cell wall it contains no teichoic acids.
The peptidoglycan is covalently attached to the inner leaflet of the outer membrane by the
Braun lipoprotein, also termed Lpp.[*°% 128 The outer membrane differs significantly between its
inner and outer leaflet. Whereas the inner leaflet of the outer membrane displays a similar lipid
composition as the cytoplasmic membrane,[!?®! the outer leaflet of the outer membrane is
mainly composed of lipopolysaccharides (LPS).1'°? Although there is great variability in the
components of LPS among different Gram-negative bacterial species, its overall structure is well
preserved.*?® The lipid part of LPS is lipid A, a phospholipid comprising a doubly phosphorylated
glucosamine disaccharide head group equipped with six to seven acyl chains.[1°% 128 Attached to
lipid A there is a branched and partly phosphorylated oligosaccharide core. Finally, the core is
connected to the O-specific polysaccharide, also referred to as O-antigen, a long, highly variable
polysaccharide strand.!?®! The protein fraction of the outer membrane includes many
lipoproteins of unknown function attached to the inner leaflet.** Further it contains porins and
other transmembrane proteins that allow diffusion of small molecules across the outer
membrane.[*°? Proteins, however, cannot pass these porins and remain located within the
periplasm.!*?®! The outer membrane contains only few embedded enzymes, but one of them,
OmpT, is of particular importance. The active site of this protease is accessible from outside the
cell. It is able to degrade peptides and may therefore confer resistance against AMPs and HDPs.
Accordingly, it may facilitate the pathogenic colonialization of the human intestine by entero-
hemorrhagic and enteropathogenic Escherichia coli (EHEC and EPEC).[*33]

Some, but not all Gram-negative and Gram-positive bacteria possess a surface layer
(S-layer).[®* The bacterial S-layer is a paracrystalline monolayer of (glyco)proteins, typically
5 nm — 10 nm thick and generally composed of a single molecular species.!*3¥ The S-layer forms
a sheath covering the entire bacterium. The monomers are arranged in a defined, two-
dimensional lattice. In Gram-positive bacteria the S-layer is non-covalently attached to
secondary cell wall polymers which in turn are covalently bound to the peptidoglycan,3
whereas in Gram-negative bacteria the S-layer adheres to the glycan of LPS.1*3* S-layers typically
possess regularly distributed, uniform pores between 2 nm and 8 nm in diameter,** which is
large enough for the passage of peptides and small proteins. Despite these pores, the S-layer
may provide enhanced resistance against AMPs in bacteria, possibly through electrostatic
repulsion of the positively charged AMPs.[13¢!

The outmost layer of each cell is the typically anionic and highly hydrated glycocalyx.[*3” The
main components of the glycocalyx are polysaccharides and (glyco)proteins.*3”! For instance,
teichoic acids, glycolipids, glycans of LPS, or glycans of S-layers belong to the glycocalyx if they
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protrude into the extracellular medium. There are varying definitions of the glycocalyx*?% 137
and the simplest!*?® distinguishes two categories. The term “capsule” describes a dense, definite
network of biopolymers that is firmly bound to the cell envelope.[*?®! A slime layer, in contrast,
is less dense and easily deformed. It is rather loosely attached may at least partly shed into the
extracellular space.[?8/137]

3.2.1.3. Selectivity of AMPs

The different cell envelopes of bacterial and mammalian cells allow for AMPs to display
selectivity, i.e. to have a bactericidal or bacteriostatic effect while mammalian host cells are left
unaffected. The ratio of minimal hemolytic concentration (MHC) and MIC is referred to as
therapeutic index (Tl) and is commonly used as a measure for the selectivity of AMPs.'23! A
higher therapeutic index indicates higher activity towards bacteria than towards erythrocytes.
Three major differences between the plasma membrane of bacteria and mammals are mainly
responsible for the selectivity of AMPs towards bacteria: the presence of anionic lipids at the
bacterial outer leaflet, the absence of cholesterol in the bacterial membrane, and the increased
(i.e. more negative) electrostatic potential across the bacterial plasma membrane.

Anionic lipids are abundant in the outer leaflet of the bacterial plasma membrane but scarce
at the outer leaflet of mammalian plasma membranes. In consequence, cationic AMPs often
show higher association constants with, and more efficient membrane permeabilization of
bacterial membranes compared to mammalian ones.*® According to the currently accepted
modes of action (described in detail in chapter 3.2.2 a-helical AMPs: Mode of action) the first
interaction between cationic AMPs and the envelope of any cell is mediated by electrostatics.
Attracted by charge-charge interactions, cationic AMPs are able to diffuse into the negatively
charged glycocalyx. In bacteria, a diffusion deeper into the cell envelope is facilitated, because
not only the glycocalyx, but also LPS (in Gram-negative bacteria), peptidoglycan, and the plasma
membrane display negative charges and diffusion of the AMPs to the cytoplasmic membrane
proceeds primarily along a concentration gradient. In mammalian cells, however, the
cytoplasmic membrane beneath the glycocalyx is neutral on the outside. Association with the
membrane is therefore hampered by attractive forces between the glycocalyx and the
peptides.[*3

The second major difference between bacterial and mammalian plasma membranes is the
presence of cholesterol. With equimolar quantities of cholesterol and phospholipids, cholesterol
is highly abundant in the mammalian plasma membrane.’! Due to its rigid backbone, the
presence of cholesterol has an ordering effect on the acyl chains of neighboring phospholipids
leading to reduced density fluctuations, overall thickening, and decreased permeability of the
membrane.** Nonetheless, some liquid properties of the membrane, such as translational
disorder and lateral diffusion of the lipids, are maintained in this cholesterol-induced, so-called
liquid-ordered state.*® Cholesterol has a higher affinity for sphingomyelin or other
phospholipids with saturated hydrocarbon tails than for unsaturated lipids which can result in
the formation of two distinct phases referred to as membrane domains.*#*%3! Studies of model
membranes showed that cholesterol influences the formation of lipid domains or lipid rafts, i.e.
lateral structures with different membrane constituents (phospholipids, cholesterol, and
peripheral or integral proteins).}*4] The highly stable liquid-ordered phase containing
cholesterol and saturated lipids is relatively resistant to detergents™* or AMPs[*4> 1431 \whereas
domains in a liquid-disordered state containing unsaturated phospholipids and low to no
amounts of cholesterol are not.[**"143 Some studies argue that cholesterol might have only a
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limited effect on the resistance of mammalian cells against AMPs, because domains exist that
contain few or no cholesterol and which are therefore susceptible to disruption by antimicrobial
peptides.[**2 143 This interpretation is contrasted by a study assessing the effect of granulysin, a
cationic pore-forming protein of 74 residues with a mode of action comparable to AMPs, on
model membranes of different compositions.!**¥ Membranes composed of lipid extracts from
erythrocytes or different lipid mixtures containing cholesterol were completely resistant to pore
formation by granulysin, whereas membranes lacking cholesterol were highly susceptible. It
should be noted, that domain formation was not observed in these membranes, but only
occurred upon heating the membranes above 50 °C.[*** Cholesterol was also found to not only
stabilize artificial membranes containing saturated lipids, but also those comprising mainly
unsaturated phospholipids.*** %! |t appears plausible, that the high concentration of
cholesterol in eukaryotic plasma membranes may result in a saturation of lipid rafts with
cholesterol such that a fraction of the cholesterol partitions into domains with lower cholesterol
affinity. There it may significantly improve the AMP resistance and hence increase the overall
stability of the cell.

In addition to the presence of anionic lipids and the absence of cholesterol, the efficiency of
AMPs against bacteria is increased by the more negative bacterial transmembrane potential.
The bacterial transmembrane potential ranges around Ueq = -150 mV,3% whereas the typical
transmembrane potential of mammalian cells is about Ueq=-70 mV%113 |n 3 study with
bacterial membrane-mimicking planar lipid bilayers, highly negative transmembrane potentials
(-180 mV) were required to initiate AMP-induced conductance across the membrane, i.e.
membrane permeabilization. Subsequent reduction of the voltage to -80 mV often resulted in
reduced activity of the peptides.*4®!

The presented differences are general observations and exceptions do occur. Nonetheless,
these three differences are key factors for the specificity of many AMPs against bacteria.

3.2.2. a-helical AMPs: Mode of action

a-helical AMPs (dAMPs) are a large group of linear AMPs that display an a-helical structure
in the membrane-associated state (Figure 11).° %! Sometimes, the entire molecule is helically
structured when adsorbed to the membrane or a membrane mimic.**”! More often, however,
kinks within a helix[6% 148150 or disordered terminil® 14152 gre observed.

Magainin 2: GIGKFLHSAKKFGKAFVGEIMNS—-NH;

Figure 11: Structure of two representative aAMPs, LL-37 (top) and magainin 2 (bottom), when bound to sodium
dodycyl sulfate (SDS) or dodecylphosphocholine (DPC) micelles, respectively. Hydrophilic residues are marked by a
blue ribbon, while for hydrophobic residues the ribbon is colored in red. The hydrophobic residues are buried in the
detergent micelles (not shown) driving the formation of the amphipathic a-helix. The depiction of LL-37 is derived
from PDB entry 2k6o (1/4). The depiction of magainin 2 is derived from PDB entry 2mag (1/10).
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The helical conformation in a membrane environment is a result of the amphipathicity of
aAMPs. Typically, these peptides present a hydrophilic and a hydrophobic side of similar size
when displayed in a helical wheel projection.”®® The helical conformation is assumed, when the
burial of the hydrophobic side of the helix into the membrane compensates for the entropic
costs of helix formation. In agueous solution, however, tAMPs often are highly flexible with little
or no secondary structure.[®> %

In vitro, aAMPs possess a high activity against many potential pathogens such as Gram-
positive and Gram-negative bacteria, fungi, protozoa, or viruses.®>°¢ %3 The following sub-
chapters focus on the interactions of tAMPs with bacteria as those are well understood®4-26 154
and most important for this work. Early studies found aAMPs composed of only b-amino acids
to have similar activities as their all-L-enantiomers, which precluded a receptor based
mechanism.[> 1581 Fyrther investigations revealed two distinct modes of action by which aAMPs
can act on bacteria.®% % One of them is membrane permeabilization, which includes
procedures that weaken and disrupt the bacterial membrane(s). This will eventually lead to loss
of transmembrane potential, nutrients, and other essential cytosolic constituents ultimately
resulting in growth inhibition (bacteriostatic effect) or cell death (bactericidal effect).®>°% The
other mode of action targets intracellular components and functions.®> ! AMPs are able to
reach the bacterial cytosol where they may associate with nucleic acids or proteins to block
important cellular processes. It is possible that one aAMP exerts both mechanisms, depending
on its structure and concentration as well as membrane architecture.®® Regardless of the mode
of action, interaction with the cell envelope is crucial for the activity of tAMPs.

The interactions of cationic tAMPs with Gram-negative bacteria are well understood.®* First,
the initially disordered peptides diffuse into the anionic glycocalyx attracted by charge-charge
interactions. If present, an overall neutral S-layer is usually no significant barrier, as aAMPs are
small enough to pass the pores. The first interaction harmful to the bacterium occurs when they
encounter the LPS layer of the outer membrane. Divalent metal ions confer rigidity to the cell
envelope by non-covalently cross-linking the polysaccharide chains of the LPS layer.
Replacement of those metal ions by the much larger cationic aAMPs weakens the outer
membrane and facilitates interaction with the lipid core of the outer membrane.”® Interaction
with the lipid A moiety of LPS results in helix formation of aAMPs due to the burial of the
hydrophobic site in the lipid bilayer.*>” 181 Additionally, some aAMPs have been described to
directly bind lipid A.*>8-1%1 This interaction counteracts the endotoxic activity of released lipid A
and further destabilizes the outer membrane.®® Once sufficient AMPs are located at the outer
membrane the formation of pores or even lysis of the outer membrane facilitates the uptake of
more AMPs — a process aptly described as “self-promoted uptake”.®* After having passed the
outer membrane, the peptides diffuse into the peptidoglycan layer until they reach the inner
membrane.

With Gram-positive bacteria, diffusion into the glycocalyx and through the S-layer by aAMPs
is a process similar to Gram-negative bacteria as these structures are alike in both bacterial
types. The presence of negatively charged teichoic acids embedded in the peptidoglycan of
Gram-positive bacteria facilitates the diffusion deep into the cell wall.®® However, the thick
peptidoglycan layer of Gram-positive bacteria may also sequester the cationic peptides thus
reducing their antimicrobial activity and slowing their bactericidal effect.[*6?

After having reached the cytoplasmic membrane, the further processes are again similar
between Gram-negative and Gram-positive bacteria. Attracted by the anionic phospholipids,
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aAMPs accumulate at the surface of the cytoplasmic membrane.®® Hydrophobic residues
partition into the lipophilic tail region of the outer leaflet of the membrane, while polar residues
remain in the head group region. As a result, the peptide assumes an a-helical conformation
while floating in the membrane at the interface to the periplasm. Its helical axis is oriented
parallel to the membrane surface.®® Once a critical concentration is reached, membrane
permeabilization may proceed according to one of several proposed mechanisms.

3.2.2.1. Barrel stave mechanism

The barrel stave mechanism was the first model to explain the mode of action of pore-
forming peptides. It was proposed in 1974 to explain the voltage-, lipid-, and concentration-
dependent conductance of membranes in the presence of alamethicin.*®3! Although the original
model was based on an incorrect cyclic alamethicin structure,!*®3 the general barrel stave
mechanism was confirmed to apply to alamethicin in later studies.*®* 6% Alamethicin is not
cationic but highly hydrophobic and displays only one charged residue which is glutamic acid.®!
Because of its hydrophobicity, alamethicin is largely unstructured and forms aggregates in
solution (Figure 12A).1*”) The barrel stave mechanism is assumed to start with the accumulation
of monomeric peptides in a-helical conformation at the membrane surface (Figure 12B).!
Lateral diffusion leads to the formation of peptide aggregates stabilized by peptide-peptide
interactions, locally disturbing the membrane order (Figure 12C).! This facilitates the insertion
of the peptide aggregates into the membrane and the formation of the barrel stave pore.” An
alternative mechanism of barrel stave pore formation was proposed in which monomeric
alamethicin inserts vertically into the membrane (Figure 12D) and lateral diffusion facilitates the
assembly of transient pores.[*®® Regardless how they are formed in detail, the barrel stave pores
(Figure 12E) comprise five to ten a-helices oriented perpendicular to the membrane
surface.®> 1% Typically, the barrel stave mechanism therefore requires helices long enough to
span the entire membrane.[**¥! In the pore, neighboring peptides are directly in contact with
each other. While hydrophilic residues are pointing inwards, the hydrophobic outside of the
pore is surrounded by the lipid tails.!*!
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Figure 12: Barrel stave mechanism. Helical structures of alamethicin are taken from its crystal structure (pdb entry
lamt). Hydrophilic residues of the peptides are colored in blue, hydrophobic residues in red. The phospholipids of the
membrane are represented by black circles (head groups) and two wavy black lines (hydrocarbon tails).

Initially, the barrel stave model was the only model to describe the characteristics of pore
formation and was thought to apply to not only alamethicin but also cationic dAMPs such as
melittin, cecropins or magainins.[**®! However, with the identification of other pore-forming
mechanisms (described below), the applicability of the barrel stave model to cationic aAMPs

20



3.2. Antimicrobial peptides

was increasingly doubted.*®> 791731 One reason was the strong electrostatic repulsion between
heavily charged cationic helices, that would prevent the hydrophobicity-driven peptide-peptide
interactions necessary to form the pore.[*’? Therefore, the barrel stave mechanism is limited to
highly hydrophobic peptides with only limited net charge. Further, other mechanisms gave
better explanation for rapid lipid flip-flopping that was observed with cationic aAMPs.*7"!

3.2.2.2. Carpet mechanism

Lack of evidence supporting the barrel stave mechanism led to the proposal of a different,
much simpler mechanism, in which the peptides accumulate at the outer leaflet of the
membrane, oriented in parallel to its surface.’’®> 74 This model was first proposed in 1988174
and subsequently named carpet-like mechanism(t’% 173175 or simply carpet mechanism!*3% 176,
According to the carpet mechanism, monomeric and unstructured aAMPs (Figure 13A) diffuse
to the bacterial cytoplasmic membrane, where they accumulate attracted by electrostatic
interactions (Figure 13B). While the polar residues remain in the head group region of the
membrane, the hydrophobic residues interact with the lipid tails which results in the formation
of an a-helical conformation (Figure 13C). Accumulation of aAMPs in the membrane takes place
until the membrane is covered by a dense layer of aAMPs.[*3% 1741751 Calculations based on
partition constants and MIC values of several AMPs demonstrate that high membrane coverage
is physiologically relevant.’”” It leads to membrane thinning and weakening, as the embedded
AMPs push apart the lipid head groups (Figure 13C).17% 17 Then, peptides diffuse through the
membrane (Figure 13D), mainly driven by the high transmembrane potential of bacterial cells,
effectively perturbing the membrane at the outer and the inner leaflet. With a weakened
membrane, flip-flopping of lipids between the inner and outer leaflet of the membrane is
facilitated leading to a reorganization of the membrane.[*3% 175 1801 \Weakening of the membrane
may also result in transient pores or ruptures (Figure 13E) which allow the passage of peptides
into and cytosolic compounds out of the cell (Figure 13F). According to the carpet mechanism,
membrane micellation or lysis is often the final result once a critical concentration of peptides
is reached (Figure 13G).'%%
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Figure 13: Carpet mechanism. Hydrophilic residues of the peptides are colored in blue, hydrophobic residues in red.
The phospholipids of the membrane are represented by black circles (head groups) and two wavy black lines
(hydrocarbon tails).

3.2.2.3. Toroidal pore mechanism
In 1996, the toroidal pore mechanism was independently proposed by two research groups
for the cationic aAMP magainin 2.1 This model delivered the explanation for the
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observation of cationic aAMPs to be oriented perpendicular to the membrane surface, forming
large pores despite their electrostatic repulsion.”! Like the carpet mechanism, the toroidal
pore mechanism is initialized by monomeric aAMPs accumulating at the outer leaflet of the
cytoplasmic membrane assuming an a-helical structure oriented parallel to the membrane
surface (Figure 14A-C).['7% 181 At high peptide concentrations and subsequent to thinning of the
membrane, aAMPs begin to insert vertically into the membrane.'’* 81 This results in the
formation of toroidal pores (Figure 14D), the walls of which are composed of the peptides
oriented perpendicular to the surface and the lipid head groups between them.!'7%
Consequently, the lipids in the toroidal pore connect the inner and outer leaflet forming a single
surface (Figure 14, expansion). The supramolecular complex of anionic lipid head groups and
cationic peptides is able to shield the electrostatic repulsion between the peptides. As a
consequence, there are no or only limited peptide-peptide interactions in the toroidal pore,
which is in contrast to the barrel stave model.” Connection of the inner and outer membrane
leaflet by the pore enables rapid lipid flip-flopping.*”® *Y Further, the pore allows the passage
of peptides into and cytosolic compounds out of the cell (Figure 14E). Peptides will diffuse to
the inner membrane leaflet, effectively weakening the membrane at the outer and the inner
leaflet (Figure 14F). The stability and size of the pores are influenced by various factors, such as
the properties of the peptide, peptide concentration, the membrane composition, or the
transmembrane potential.l*4¢ 1821831 pgre stability and size, in turn, have a direct influence on
the pore selectivity and peptide translocation across the membrane.!83!
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Figure 14: Toroidal pore mechanism. Hydrophilic residues of the peptides are colored in blue, hydrophobic residues
in red. The phospholipids of the membrane are represented by black circles (head groups) and two wavy black lines
(hydrocarbon tails). The expansion shows a cross-section of the toroidal pore. The green lines indicate the pore lining
which connects the outer and the inner leaflet of the membrane.

3.2.2.4. Aggregate mechanism

Initially described as a refinement of the toroidal pore mechanism, the aggregate model was
published in 1999 by Robert E. W. Hancock and co-workers to describe the mode of action of
short AMPs that are not long enough to span entire the membrane and therefore cannot form
an ordered toroidal pore as described above.'*®! The aggregate model describes a more
disordered state of the lipid-peptide supramolecular complex, which is similar to the toroidal
pore with respect to the arrangement of the lipids, but the peptides are not necessarily vertically
aligned (Figure 15D).[**! All other steps (Figure 15A-C, E, F) are identical to the toroidal pore
model. The variability in size and stability of those aggregates explain the frequently observed
fluctuations of conductance in planar bilayer studies, as well as rapid lipid flip-flop and passage
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of AMPs across the membrane.#® A minireview by Hancock and Chapple revisits the aggregate
model rephrasing the aggregate as a “micelle-like complex” spanning the membrane.[*®¥ The
term “micelle-like complex” emphasizes the disorder of the aggregate and implies that a pore,
i.e. an open channel crossing the membrane, is not necessarily present.
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Figure 15: Aggregate mechanism. Hydrophilic residues of the peptides are colored in blue, hydrophobic residues in
red. The phospholipids of the membrane are represented by black circles (head groups) and two wavy black lines
(hydrocarbon tails). The expansion shows that the peptides in the aggregate are not all vertically aligned with respect
to the membrane surface, which is in contrast to the toroidal pore model.

3.2.2.5. Detergent-like mechanism

Over time, the different models were refined and expanded to include new scientific
evidence which led to their gradual assimilation and to inclusion of all the experimentally
observed phenomena in comprehensive models.138 13918571871 By proposing micelle-like
complexes, the aggregate model uses analogies to detergents.[*** However, detergent-like
properties of oAMPs have more often been associated with the carpet
model, 5> 96: 139,176,185, 186, 18] ha cqyse lysis of the membrane is the final step in this model. In their
review from 2006, Burkhard Bechinger and Karl Lohner emphasize the detergent-like bio-
physical properties of linear, amphipathic, and cationic AMPs.[*8”) Their proposed detergent-like
model rationalizes the effect of those peptides on a lipid membrane on the basis of their

(1871 For instance, the similar membrane-

molecular geometries and amphipathicity.
permeabilizing activity of the aAMP magainin 2 amide and the surfactants Triton X-100 and octyl
glucoside was reported early.*®! According to the detergent-like model, all three molecules
have a more or less similar geometry!*®” simplistically described as cone-shaped with a short or
shallow hydrophobic part and a large hydrophilic portion. Upon insertion into the membrane,
they push apart the hydrophilic head groups of the lipids while being not able to fill the void
space they create in the hydrophobic tail region. In consequence, they create a positive
curvature strain on the membrane.[187 190-192]

The detergent-like model illustrates the complexity of intermolecular and supramolecular
interactions in aqueous mixtures of peptides and lipids using phase diagrams.[*¥”192 An
exemplary two-dimensional phase diagram with the variables “peptide concentration”
(ordinate) and “lipid composition” (abscissa) is shown in Figure 16. Dependent on those two
variables, peptide-lipid micellar aggregates, bicelles, lamellar bilayers or hexagonal phases may
form.!*¥”] The toroidal pore, a carpet of peptides covering the membrane or peptide aggregates
inside the membrane also each have their own regions in the phase diagram and are considered
special cases that occur under distinct conditions.[*8”-292 Similarly, membrane micellation and
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fragmentation as described in the carpet model and its inhibition by cholesterol can be explained
with detergent-like properties of AMPs.1%> 1921 Notably, the detergent-like mechanism is also
able to rationalize transient membrane disruptions at low peptide-to-lipid ratios, which other
models fail explain. When AMPs partition into the outer leaflet of the membrane they perturb
the lipid order in a radius of a few nanometers around them. At low peptide-to-lipid
concentration, lateral diffusion of the peptides may result in stochastic increases of the local
concentration leading to an overlap of regions of reduced membrane stability and formation of
transient membrane ruptures.'®”: 191 Another appealing feature of this model is its tunable
complexity. In theory, more variables such as peptide composition, lipid concentration,
temperature, pH or salinity can be added generating a multidimensional phase diagram in which
each variable is represented in one dimension.
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Figure 16: Two-dimensional phase diagram of a mixture of an aAMP with different lipid compositions.[192] Peptides
are depicted as yellow cylinders with red basal planes. Cylindrical lipids (i.e. with a large red head group) represent
phosphatidylcholines, while inverted truncated cone-shaped lipids (i.e. with a smaller red head group) represent
phosphatidylethanolamines. The term “wormholes” refers to toroidal pores.

Reprinted from Current Opinion in Colloid & Interface Science, volume 14, issue 5, Burkhard Bechinger, Rationalizing
the membrane interactions of cationic amphipathic antimicrobial peptides by their molecular shape, pages 349-355,
Copyright 2009, with permission from Elsevier.

3.2.2.6. Multi-target mechanism

A membrane-permeabilizing mode of action can be ascribed to almost any cationic AMP at
high concentration!®®* %! and extensive formation of pores or ruptures, regardless of the
detailed mechanism, eventually leads to the collapse of the proton motive force, loss of cytosolic
components and ultimately to growth inhibition or cell death. However, pore formation or - in
extreme cases - lysis of the cell is not always the primary mode of action of an aAMP.[18> 194
Many aAMPs have a bactericidal or bacteriostatic effect even at concentrations that are not
sufficient for the formation of long-lived pores or ruptures. At these concentrations, the damage
dealt to the membrane is not profound enough to explain the antimicrobial effect. However,
these conditions do suffice to elicit short-lived membrane lesions that enable the peptides to
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enter the bacterial cytoplasm. Once inside the cell, many aAMPs may disrupt intracellular
processes resulting in the killing of the microbes, as the following examples demonstrate.

The analysis of four different aAMPs regarding their ability to dissipate the membrane
potential of E. coli showed that membrane disruption does not necessarily coincide with the
MIC.[*%) Depending on the peptide, membrane dissipation can occur well above or even below
the MIC.™® The difference between MIC and membrane-depolarizing concentration is
particularly large with the cationic, a-helical peptide P-Der, a chimera of pleurocidin and its
homologue dermaseptin.'®> Applied at concentrations well above its MIC, P-Der permeabilizes
the cytoplasmic membrane of E. coliimmediately and displays a killing efficiency of 99.8% after
10 min.[**! At its MIC, however, P-Der translocates into the cytoplasm of E. coli without
depolarizing the cytoplasmic membrane, where it is able to inhibit RNA synthesis.!'*”
Additionally, in model membranes lipid flip-flopping was observed at concentrations that did
not cause membrane permeabilization. Both effects, RNA synthesis inhibition and induction of
lipid flip-flop, may contribute to its bacteriostatic effect on E. coli at P-Der’s MIC, but other
internal effects may also be involved.[*%!

The aAMP buforin Il is particularly well characterized and highly active against Gram-positive
and -negative bacteria as well as fungi.**® 7 Similar to P-Der, it does not lyse or perforate the
cell membrane of E. coli or B. subtilis even at concentrations five times its MIC.[197- 19!
Supposedly, a kink in its helix**®! induced by a proline residue is responsible for its non-pore-
forming translocation across the cytoplasmic membrane.[*¥” 1% |n the cytoplasm, it is believed
to act by binding to the negatively charged DNA and RNA.[197-200]

Another well-studied aAMP with antimicrobial and anti-tumor activity but low hemolytic
effect is NK-18.20%2021 |t was shown to act on E. coli and S. aureus through a membrane-
permeabilizing mechanism.?°? |n addition, high affinity to plasmid DNA was evidenced in
vitro.?°? Together, these findings indicate a double-action mechanism targeting the membrane
and the DNA.

The aAMP SP1-1 has a unique mode of action as it targets the serine kinase RsbW with
nanomolar affinity.?%?! Association of SP1-1 with this enzyme compromises RsbW’s inhibition of
the transcription factor SigB in S. aureus, leading to unregulated expression of downstream
genes.?%! |n the cytoplasm, SP1-1 is also thought to bind bacterial plasmid DNA as in vitro DNA-
binding assays suggest.?®! Originally designed as an agent for plant protection, the non-
hemolytic peptide SP1-1 was tested for pore-forming activity against the bacteria Pseudomonas
syringae pv. syringae and Clavibacter michiganensis ssp. michiganensis resulting in
concentration-dependent, but rather low membrane depolarization.?°* Altogether, with some
membrane activity, the ability to bind DNA, and high affinity to an important gene expression-
regulating enzyme, the peptide SP1-1 makes a compelling case for a multi-target mechanism.

Indications for multi-target mechanisms of prototypical aAMPs were also found in a study
analyzing the mode of action of ®AMPs designed from a sequence template.l?®! The peptides
elicit a membrane disruptive mode of action in Staphylococcus simulans (S. simulans), but hit
S. aureus differently:1?%! Concentrations 10-fold the MIC against S. aureus had only little impact
on the bacterium’s transmembrane potential and did not evoke release of radioactively labeled
glutamine from the cytosol. Active glutamine uptake, however, was largely inhibited after
treatment with the peptides. Analysis of gene expression patterns before and after exposure to
sublethal doses of one aAMP in a different S. aureus strain revealed that the peptide produced
diverse stresses at the plasma membrane affecting cell wall synthesis, lipid metabolism and
aerobic energy generation.12%!
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These examples indicate that other targets than the cell membrane(s) may be as important
for the mode of action of cationic aAMPs as their membrane disruptive function.!*8> 1942051 At
concentrations around the MIC aAMPs do not necessarily permeabilize the membrane, which
indicates an intracellular mechanism. Even magainin 2, an aAMP with a high pore-forming
activity!*’% 171 that was thought to act solely through membrane permeabilization,!*¥? is able to
translocate into the cytoplasm of E. coli at concentrations below its MIC.1?°! One may assume
that cationic aAMPs reach the cytoplasm where they unspecifically bind to DNA or RNA through
electrostatic interactions and thus interfere with macromolecule synthesis in the bacterium.
Furthermore, non-membrane permeabilizing interactions of AMPs with the cytoplasmic
membrane potentially influence lateral diffusion, disturb the organization of membrane
domains or disorganize the leaflet asymmetry. Mounting evidence for multi-target modes of
action lead to the conclusion that cationic aAMPs in general follow a mechanism aptly described
as “sand in a gearbox”?%! employing multiple low-affinity interactions with the microbial
membrane(s) as well as internal targets.[18 194 202,205 | jke 3 distributed denial of service attack,
each individual interaction is harmless to the bacterium, but taken together the simultaneous
attacks are overwhelming the bacterium’s defense mechanisms. Because many of these
interactions may differ among bacterial species, a peptide may confer different mechanisms on
different bacteria.!?%!

3.2.2.7. Fibrillary structures

The B-amyloid peptide, also referred to as amyloid-B (AB), is a peptide that is able to self-
associate in a B-sheet conformation to form fibrillary structures found in brain plaques of
patients with Alzheimer’s disease. Protofibrils of AB, i.e. short fibrillary aggregates with rather
low molecular weights, were found to be cytotoxic.?®”! Recently, it was shown that these
fibrillary aggregates have membrane-permeabilizing capacities.!*®! Moreover, antimicrobial
properties have been demonstrated for a variety of amyloid peptides.?*®! The similarities
between amyloid peptides and AMPs become even more obvious, when considering that certain
B-sheet antimicrobial peptides are also capable of forming fibrillary structures.[207- 2102121 Npjore
surprising, however, is the fact that B-sheet structure is not a prerequisite for fibril formation.
The following examples show that even aAMPs may spontaneously form amyloid fibrils and
raise the question whether the formation of fibrils is a mode of action of aAMPs.

The 17-residue aAMP uperin 3.5 (GVGDLIRKAVSVIKNIV-NH;) was discovered in skin
secretions of the Australian toadlet Uperoleia mjobergii. The peptide is prone to forming
amyloid fibrils at neutral pH at concentrations of 0.5 uMm,'?*3! which is well below its MIC against
several Gram-positive bacteria®**. While pores were formed by uperin 3.5 in lipid bilayers
mimicking mammalian cytoplasmic membranes, bacterial membrane mimics were disintegrated
by uperin 3.5.2%%! The type of membrane activity of uperin 3.5 was independent from its
aggregation state, although monomeric uperin 3.5 was observed to have faster kinetics?** and
lower MICs?*. Incubation of uperin 3.5 in the presence of the Gram-positive bacterium
M. luteus or small unilamellar vesicles (SUVs) mimicking a bacterial membrane induced fibril
formation.’'¥ Surprisingly, uperin 3.5 was found to form two kinds of fibrillary structures:
cross-a and cross-B fibrils, which were composed of monomers in a-helix or B-sheet
conformation, respectively.”?** While the cross-B fibrils formed upon heating of uperin 3.5 and
were relatively inactive, the formation of cross-a fibrils was induced not only from monomers,
but also from B-fibrils, both in presence of a microbial membrane.?**! The fibril formation was
hypothesized to be of biological relevance for the toadlet. Possibly, monomeric uperin 3.5 is
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secreted constantly and when no bacteria are present, the peptide may adopt its cross-p
fibrillary structure to be stored safely. In the presence of bacteria, however, cross-B fibrils may
be converted into active cross-a fibrils.[?**! It remains unknown whether the cross-a fibrils have
direct antimicrobial activity, or whether they just facilitate the release of monomeric uperin 3.5
which then targets the bacterial membrane.

Similar to uperin 3.5, the aAMP human cathelicidin LL-37 was also shown to be able to form
fibrillary structures. The presence of 10 um LL-37 drives the aggregation of liposomes composed
of saturated phospholipids into tubular structures with a diameter of approximately 10 um.[2%
Analysis of the liposome-peptide interaction by transmission electron microscopy (TEM) showed
fibrillary structures with a diameter of approximately 10 nm, i.e. thousand-fold smaller than the
macroscopic tubular structures. Those fibrils formed only in the presence of saturated
phospholipids and were assumed to drive the formation of the tubular superstructures from
liposomes via an unknown mechanism.?*®! No nanoscale fibrils were formed when LL-37 was
mixed with unsaturated phospholipids or lipid mixtures containing cholesterol.[21¢!

Like uperin 3.5, the peptide LL-3717-29 (FKRIVQRIKDFLR), a fragment of human LL-37, forms
thermostable fibrils in the presence of the M. luteus. The fibrils aggregate into ribbons with a
few hundred nanometers in width and several micrometers in length.?'”! It was even possible
to obtain a crystal structure of the fibrils formed by LL-3717-29. Surprisingly, the peptide assumes
an a-helical conformation, when incorporated into the fibrils.?*”! Regular patterns of hydrophilic
and hydrophobic patches at the surface of those fibrils are thought to be responsible for their
ability to interact with bacterial membranes.?”!

The ability to shift between a-helical and B-sheet structure has not only been observed in
uperin 3.5, but also in the aAMP GL13K (GKIIKLKASLKLL-NH,).?*® |t was shown to form
fibrils under basic conditions and during the process, its secondary structure was observed to
shift in a pH-dependent manner from unstructured to B-sheet to a-helical.**®! Although the
bacterial susceptibility assays were performed in conditions that were too acidic to observe fibril
formation, an impact of fibril formation on the MIC has been postulated by the authors.[?*!
NMR?8 and CD?? studies did reveal formation of B-sheet structures in the presence of
biomembrane mimics, but did not inform about the aggregation state. In consequence, the
importance of fibril formation for biological activity of GL13K remains inconclusive.

These examples show that fibril formation by AMPs is currently a topic of active research.
There are several observations that argue against fibril formation being a mode of actions. In
uperin 3.5 and its derivatives, for example, the propensity to form amyloid fibrils was shown to
be inversely correlated with their membrane disrupting activity.?*® Moreover, monomeric
uperin 3.5 was observed to have faster membrane-permeabilizing kinetics®?**! and lower
MICs?** than in the fibrillary state. Most importantly, formation of fibrils often requires hours,
while other antimicrobial peptides have been reported to kill bacterial?®> 22123 or at least
dissipate their membrane potential™*® within minutes. Therefore, the formation of cross-a
fibrils may plausibly also take place after the microbe was killed by the non-fibrillary uperin 3.5.

Other observations indicate that amyloid fibrils have direct antimicrobial activity. For
instance, uperin 3.5 and LL-37 form fibrils which are nucleating at the microbial membrane
surface. The direct interaction of the membrane and the fibril may plausibly negatively affect
the bacterial membrane integrity. Most amyloid peptides are not cytotoxic in their monomeric
state or when self-assembled into fibrils, but only in the protofibrillary state.l?’”! Potentially, the
formation of protofibrils nucleating at the bacterial membrane surface may have a bactericidal
effect. Unfortunately, the causality between antimicrobial action and (proto)fibril formation is
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difficult to prove and future studies are required to determine whether formation of fibrils or
protofibrils truly is a mode of action of AMPs or just a peculiar phenomenon.

3.2.3. a-helical AMPs: Peptide design

The goal of many AMP design studies is to provide highly active, non-toxic AMPs that have a
high bioavailability, are cheap to produce, and able to kill antibiotic-resistant pathogens in vivo.
Understanding which parameters affect an AMP’s observable macroscopic properties including
activity against different pathogens, hemolysis, toxicity against mammalian cells, or
bioavailability is crucial for the design of active, peptide-based antibiotics. In general, the
observable, macroscopic effects of AMPs result from intermolecular interactions dictated by
molecular properties which in turn are determined by the sequence of amino acids. The
intermolecular interactions imply phenomena as peptide-membrane interactions, peptide
aggregation, enzymatic degradation, or peptide-DNA interactions. Molecular properties include
among others hydrophobicity, amphipathicity, net charge, helical propensity, peptide length,
and structural characteristics such as kinks or unfolded regions. While the molecular properties
of aAMPs are relatively easy to deduce from a given short primary structure, the countless
intermolecular interactions in vivo add such complexity to the system that the resulting
macroscopic properties are much more difficult to understand in detail. A review article
summarizing the most important computational and non-computational approaches to AMP
design was recently provided by Marcelo D. T. Torres, César de la Fuente-Nufiez and
colleagues.'?? This subchapter will reflect on the historic development of aAMP design.

3.2.3.1. Rational and heuristic design of aAMPs

Soon after the discoveries of HDPs in a variety of species, such as cecropins??® in hemolymph
of cecropia moth (Hyalophora cecropia) pupae or magainins??3! in the skin of African clawed
frogs (Xenopus laevis), synthetic analogs were produced and compared to variants with point
mutations or deletions in order to figure out what sequential characteristics determine
antimicrobial activity.[?2228 From first structure-activity relationship (SAR) studies like these in
the 1980s it became apparent that cationicity, helicity, and amphipathicity are important
determinants for the activity of aAMPs. With this knowledge, atAMPs were designed de novo
from regular repeats of cationic and hydrophobic residues.??>23% QOther early aAMP design
studies combined different parts of aHDPs creating chimeric peptides with improved properties,
concluding that kinks or hinges between two helical stretches may be an important structural
feature in cecropins and cecropin-derived peptides.*®* 231 |n the process of developing broadly
potent aAMPs, Magainin Pharmaceuticals, Inc. produced over 200 substitution and deletion
variants of magainin and PGLa. Their data set confirmed the importance of basicity and
hydrophobicity for activity against a broad spectrum of pathogens, but indicated an increased
hemolytic activity when the hydrophobicity was too pronounced.3?

In the 1990s new sources to inspire the design of aAMPs were exploited such as amphipathic
and cationic helical segments derived from larger proteins.[?3>234 The implementation of
synthetic combinatorial libraries (SCLs) was another big innovation in aAMP design during that
time.[23> 2361 SCL approaches can yield active and selective aAMPs?*® but synthesis and screening
of SCLs is a complex endeavor and extracting information from SCLs requires elaborate
deconvolution techniques.’?*> 23 |n consequence, this approach is not easily implemented in
laboratories and has not been applied in many studies.
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In the late 1990s and in the 2000s, more systematic attempts were made to quantitate the
influence of molecular parameters on the antimicrobial activity and cell selectivity of aAMPs,
such as hydrophobicity,'?*7-22°! hydrophobic moment, 237238 249 (inducible) helicity, 237 238 241, 242]
charge!®”! and angle subtended by hydrophobic or charged residues*® 2382431 For instance, a
non-continuous hydrophobic face interrupted by a hydrophilic residue was shown to reduce the
hemolytic effect of aAMPs.[*?> 241 Similar approaches to identify the influence of molecular
parameters were conducted using data base-supported design of aAMPs,!%6 162,205, 245,246]
facilitated by the many sequences of aAMPs and aHDPs that had been identified and archived
by that time. Notably, Alessandro Tossi and co-workers evaluated a data set of more than 150
natural aAMPs within the Antimicrobial Sequences Database (AMSDb; now offline) and gained
empiric information on the typical ranges of the parameters net charge, content of hydrophobic
residues, and amphipathicity.l®® 62 They created a sequence template based on the first 20
N-terminal residues of each database entry (Table 3).% 62 The N-terminal domain was chosen,
as it “is generally essential and often sufficient for antimicrobial activity”.[°®

Table 3: The sequence template by Alessandro Tossi and colleagues. ¢ 162]

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
+ + + +

G|l e|e | + ® x| = X| e |~ + (C] @+ + | @ | X| T |G
ple Glp plep Glp P

This sequence template represents the average N-terminal stretch of more than 150 natural tAMPs of the AMSDb. Each position is
marked by one or two symbols indicating the most common type of amino acid in the indicated position: Glycine (G), hydrophobic
(@), positively charged (+), either positively or negatively charged (%), polar (p), no preference for any specific residue (X).

With this template a series of 20 systematically altered, short peptides was synthesized and
characterized in order to determine the influence of the individual molecular parameters on the
macroscopic properties.’® 162 Unfortunately, it is hardly possible to modify one molecular
property without affecting others when using only the standard 20 amino acids. For example,
an lle—Lys mutation not only affects the net charge, but also the hydrophobicity, amphipathicity
and helical propensity. Therefore, non-standard residues were incorporated to uncouple the
different molecular properties from each other and to identify their individual importance for
antimicrobial activity.[®® 162!

3.2.3.2. Computational design of tAMPs

Since the turn of the millennium, increasing computing power combined with growing data
bases collecting structural and activity data on AMPs and HDPs facilitated the development of
computational approaches to aAMP design.l??#2471 The discovery of AMPs in previously
uncharted sequence space, i.e. design of AMPs with no or only limited sequence identity to
known AMPs, is the goal of many computational design studies. Those de novo design strategies,
also referred to as quantitative SAR (QSAR) studies, are commonly based on a set of AMPs that
is statistically evaluated based on so-called descriptors, i.e. measurable or computable
properties that are responsible for or at least co-occur with antimicrobial activity. Found
correlations are then used to predict the activity of novel peptides. The accuracy of the
prediction is highly dependent on the size (and accuracy) of the original dataset, the chosen
descriptors, and the statistical method. To obtain a very large training dataset, two landmark
articles*® 2%% from 2009 reported the use of high-throughput methods?*” to synthesize more
than 1400 AMPs and to analyze them regarding their antimicrobial activity. The resulting dataset
was used as the input for artificial neural networks (ANNs) to predict the antimicrobial activity
of 100,000 hypothetical antimicrobial peptides that are each nine residues in length.?*® 243 Two
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lead candidates, the aAMPs HHC-10 (KRWWKWIRW) and HHC-36 (KRWWKWWRR),!>*¥ were
synthesized and showed high in vitro activity against a variety of pathogenic bacteria. They were
even successfully applied in a murine S. qureus infection model.[248!

An important computational method is pattern recognition, which scans datasets of AMPs
for common patterns in their sequences. For instance, the a-core formula, a sequence template
similar to the one developed by Alessandro Tossi and co-workers (Table 3), was found by pattern
recognition. The a-core formula was then used to screen protein sequences archived in data
bases of the public domain in order to identify protein fragments with predicted antimicrobial
activity.!?>Yl Pattern recognition was also involved in an early method of computational AMP
design which has been introduced as a “linguistic model” because the detected patterns of
residues in a set of natural AMPs resemble the grammatical rules of a language.'?®? A similar
pattern recognition method was also used in a design algorithm called Joker. The Joker algorithm
was used to convert inactive peptides into antimicrobial peptides by introducing mutations
according patterns identified in a dataset of antimicrobial peptides.?>3 Similarly, patterns
detected in AMPs have been used for the de novo design of adAMPs.12>4 A different study sought
to design highly selective aAMPs based on a dataset comprising 73 frog-derived AMPs with
published antimicrobial and hemolytic activities. In this study, pattern recognition was
combined with other descriptors including the sequence moment.[*?*! This descriptor is a vector
representing the asymmetry of a peptide’s hydrophobicity along its sequence. The sequence
moment was shown to be correlated with a peptide’s therapeutic index, i.e. its selectivity
towards bacterial cell over erythrocytes. The algorithm produced the aAMP adepantin 1 which
was shown to exhibit high activity against Gram-negative bacteria and a low hemolytic
behavior.*?* Remarkably, although using only amphibian AMPs as input, adepantin 1 does not
resemble any natural AMP.*24

Genetic algorithms, also referred to as evolutionary algorithms, are peptide design methods
inspired by Darwin’s theory of evolution. Computer-aided genetic algorithms have been applied
already in the 1990’s,12*>! but more recent approaches are based on much larger datasets and
more complex fitness functions.?*® 25" |n general, genetic algorithms are based on a peptide
which is subject to mutation resulting in a set of mutated peptides. The peptides in this new set
are evaluated with regard to a certain property, e.g. antimicrobial activity. The best peptides are
selected for further mutation and peptides that do not fit the selection criteria are discarded.
The mutation/selection cycle is repeated until a peptide has evolved that fits the required
properties, e.g. high antimicrobial activity. The approach may be pursued entirely without
computational aid, but this would imply the synthesis and testing of hundreds or thousands of
peptides. To reduce time and expense, instead of introducing random mutations, mutations may
be directed by a machine learning algorithm which increases the probability of obtaining
peptides with the desired property. This principle was tested when the AMP temporin-Ali°8
(FFPIVGKLLSGLL-NH;) was subject to two almost identical genetic algorithms. Their only
difference was that in only one of them the mutations were directed by a machine learning
algorithm, that would use the previously synthesized and characterized generations of peptides
as training input.’?*® When the mutations were selected by the machine learning algorithm, the
average activity of each generation would improve and would finally converge at the third
generation.? In contrast, when mutations were implemented randomly, each generation
contained only a few highly active peptides but also many peptides with low or no activity.!?*®! It
should be noted, however, that the most active peptides from either strategy were similarly
active with MICs against E. coli ranging between 0.5 uM and 2 um.?>®! This study showed, that

30



3.2. Antimicrobial peptides

machine learning may be applied together with synthesis and testing to reduce the amount of
inactive sequences resulting from evolutionary peptide design. However, computational
methods may also be used for the in silico evaluation of randomized mutants to entirely replace
the experimental synthesis and testing during each cycle, as was shown by a study starting from
four fragments of the plant AMP Pg-AMP1.1%*”) The mutation/selection cycles were performed
entirely in silico using a so-called fitness function based on the hydrophobic moment and helical
propensity.?®”! Starting from the same sequence, 100 independent simulations with 50
mutation/selection cycles each were performed resulting in a total of 100 final sequences.
Peptides reflecting the 15 highest ranked sequences were synthesized and assayed in vitro.!?*”!
The best-performing candidate was guavanin 2, a 20-residue aAMP that primarily targets Gram-
negative bacteria in vitro and in mouse models and acts through a membrane-permeabilizing
mechanism. 2>

With increasing datasets, it became apparent that there is no universal approach to design
the most potent, least toxic antimicrobial peptide with broad-spectrum activity. Realizing the
necessity for selectively active antibiotics, many researchers turned to developing aAMPs
targeting only a specific group of pathogens. For instance, rational design by targeted mutation
of a broadly potent, membrane-permeabilizing tAMP led to the discovery of a peptide targeting
primarily Gram-negative bacteria.?** In a different case, the research group of Guangshun
Wang, the developer and curator of the antimicrobial peptides database!?*®! (APD), developed a
computational database filtering technology to design a highly potent aAMP against methicillin-
resistant S. aureus (MRSA).?%% In this method, descriptor-based selection algorithms take into
account the peptide length, charge, hydrophobicity, common residues and secondary structure
of active AMPs to identify important residues to create an AMP with selectivity for Gram-positive
bacteria. Subsequently, the identified residues were arranged into a peptide sequence according
to a pattern analysis similar to a linguistic approach.?®® Local sequence shuffling slightly
increased the antibacterial activity, but more importantly drastically reduced the hemolytic
effect, because of a non-continuous hydrophobic face of its a-helix.?®!! The resulting aAMPs
DFT503 (GLSLLLSLGLKLL-NH;) and DFT561 (GLKLLLSLGLKLL-NH;) proved efficient in
reducing the bacterial burden in neutropenic? mice infected with MRSA.2% |t was further shown
that DFT503 would also enhance the immune reaction of non-neutropenic mice.?®*! Remarkably,
DFT503 and DFT561 have a net charge of only +2 and +3, respectively, and increasing the net
charge did not only increase the hemolytic effect but also resulted in a complete loss of
efficiency in vivo.[?%

3.2.3.3. a-helical AMPs: From bench to bedside?

Resistances of bacteria against AMPs occur less often than against conventional antibiotics
because the mode of action of AMPs is not to block a certain receptor that may be altered as a
consequence random mutations, but to disrupt the cell membrane and probably also employing
a multi-target mechanism.[?2 283 |n consequence, those peptides have drawn the interest of
academic research laboratories and of pharmaceutical companies.[®7 9193153, 1541 Ag early as
1987, Michael Zasloff, the discoverer of magainins, was one of the first researchers to recognize
the “therapeutic potential [of antimicrobial peptides] in the treatment of bacterial, fungal, and

2 Neutropenic mice have a drastically reduced neutrophil count. Those mice are commonly used to
assess the antibacterial activity of antibiotics without interference of neutrophils.
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protozoan infections in man”.1??¥ Indeed, there are many advantages of ®AMPs that add to their
benefit of eliciting only very few resistances in bacteria. Due to their small size and no
requirement for post-synthetic modifications, aAMPs are easy to synthesize and characterize.
They may be active against a wide spectrum of pathogens or designed to affect only specific
targets. Finally, their peptidic nature renders them non-persistent if released into the environ-
ment. Opposing those advantages are several disadvantages that may include systemic or local
toxicity, dependence of the activity on salinity or pH value, low bioavailability due to proteolysis
or due to adsorption to components of body fluids and cells, development of sensitivities or
allergies, as well as high production costs.®”! The transfer from the laboratory (bench) into the
clinic (bedside) is only possible, if those disadvantages are addressed and resolved.

Since the early 2000’s, enzymatic degradation of aAMPs has been recognized to potentially
limit the bioavailability in vivol'>* 2642671 and strategies to avoid proteolysis of aAMPs are
increasingly implemented in the design processes. Such strategies are based on amidation and
acetylation of the C- and N-terminus!*>% 1% 268 ‘incorporation of D-amino acids!*>> 268 26% or other
non-standard amino acids!*>*26% 270 synthesis of peptides with sequences designed to avoid
cleavage sites!?%® 2712721 35 well as stabilization of secondary structure through side chain cross-
linking!2”> 274 (also referred to as peptide stapling). Protection of the N-terminus by acetylation
and of the C-terminus by amidation is inexpensive when peptides are produced by solid phase
peptide synthesis (SPPS). These measures provide protection against degradation by
exopeptidases, but are inefficient with regard to endopeptidases. In contrast, all-D-aAMPs are
not susceptible to enzymatic proteolysis at all.[}>> 1€ Unfortunately, all-D-AMPs are very
expensive to produce and their production cost will preclude their commercialization as
therapeutics. However, adAMPs do not need to be composed entirely of b-amino acids to be
resistant to proteases. Directed incorporation of only a few D- or other non-genetically encoded
amino acids was also shown to provide resistance to enzymatic proteolysis,2%® 270274 byt these
non-standard residues will also significantly increase the production costs compared to all-L-
AMPs. An elegant and inexpensive way to increase the stability of aAMPs with regard to
enzymatic proteolysis was achieved by arranging the residues in such a way that trypsin-,
chymotrypsin, and aureolysin-specific cleavage sites were avoided.?’? The resulting peptide
GNU7 (RLLRPLLQLLKQKLR) was highly active, short, composed of only gene-encoded L-amino
acids, and nonetheless highly resistant to a selection of proteases.!?’?

Next to enzymatic degradation, toxicity is a potential weakness of aAMPs that needs to be
addressed. Because a pore-forming or membrane-disrupting mode of action is assumed for most
aAMPs, hemolysis is commonly used as an indicator for toxicity.*?® However, hemolysis assays
can at best report on the toxicity with regard to cell membrane permeabilization, but provide
no information on the toxicity towards internal targets or immunomodulating effects (cf.
chapter 3.2.1.1. Mammalian cell envelopes). In addition to underestimating the toxicity, in vitro
tests are not necessarily well-suited to predict the activity in vivo. For instance, the in vivo
activity may be affected by a low bioavailability as a result of metabolization, degradation, or
adsorption to tissues or serum components. Recognizing those point of concerns, more recent
studies have evaluated the efficiency of aAMPs in animal models.[248 257, 261, 269, 274, 275]

Production costs have mainly been addressed by designing short antimicrobial
peptides® 2762781 _ especially when techniques such as SCLs?*! or high-throughput synthesis
and screening®®2°% are used. Longer peptides are more expensive to synthesize and
recombinant production methods!?’°-282l may become a cost-efficient alternative with increasing
length. Of course, measures have to be taken to prevent the antimicrobial peptide from killing
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the expression organism. Typically, AMPs are therefore produced as fusions with a protein to
reduce the antimicrobial activity, increase the solubility, amplify the expression and facilitate
the purification.[?8% 282 Cost-effective industrial scale production of AMPs by means of gene
expression is currently restricted to the standard 20 gene-encoded amino acids.?®% 282 Several
strategies to prevent proteolytic degradation rely on bD-amino acids or other non-standard
residues and are therefore not compatible with recombinant AMP production. In addition,
production costs for peptides or proteins produced by recombinant gene expression are still
very high compared to standard antibiotics. Even if the costs for recombinant production of
oAMPs could be brought down to the production costs of human insulin (approximately 25,000
USS/kg)1?%], they would still by far exceed those of penicillin (20 USS/kg).2®¥ In conclusion,
peptide antibiotics cannot compete with conventional antibiotics in terms of production costs,
so far. Therefore, AMPs will most likely not be such mass products in the next 50 years, but will
only be used in cases where cheaper antibiotics fail. In this niche, however, high production
costs may be justified and accepted by the public.

Although most research regarding AMPs and HDPs is academic and/or pre-clinical, some of
those compounds have already entered clinical stages.®® Of course, many compounds have
failed to show efficiency in clinical studies, but many more are currently being developed or
already in clinical trials.®® The majority of peptides are administered topically, while oral or
intravenous administration is rare.®® Presumably, the relatively high concentrations required
for antibiotic activity necessitate the administration of the active compound directly at the site
of infection, e.g. in skin or wound infections by topical administration or in lung infections when
administered by inhalation. As a positive side effect of the high costs and the limited cases where
the use of AMPs may be indicated, however, their overuse in human medicine will be limited
and their extensive use in veterinary medicine will be completely prohibited for economic
reasons. Thus, mistakes that have been made in the past with conventional antibiotics may be
prevented with AMPs. To conclude, many disadvantages of antimicrobial peptides hamper their
development into therapeutics. Nonetheless, the hopes of finally obtaining an active
antimicrobial drug that produces only few resistances in pathogens and beneficially modulates
the immune response of the host continues to motivate researchers to find ways to circumvent
those disadvantages and develop efficient peptide-based antibiotics.

3.3. Antimicrobial Trp-cage: Results

Peptide stapling is an approach to stabilize the a-helical structure of peptides by covalently
cross-linking the side chains of two residues with i, i+4, i, i+7 or i, i+11 spacing and can be applied
to aAMPs.?73! Stapled aAMPs have been shown to be highly resistant to proteolytic
degradation,?’* presumably because of their stable a-helix. Proteases are known to cleave
peptides only when they have the flexibility to assume an extended conformation. When
constrained in an a-helical conformation, they cannot access the active site of any protease.?%"!
Unfortunately, however, peptide stapling is not accessible through biosynthetic methods.

Stabilizing the a-helical structure of dAMPs in solution by introduction of a tertiary structure
to protect them from enzymatic degradation is a new approach that has not been investigated
yet. If an aAMP sequence is fused with a Trp-cage to form an antimicrobial Trp-cage (AMTC),
the structural stability of the Trp-cage is expected to carry forward to the antimicrobial segment.
This Trp-cage grafting approach should lead to a higher resistance against proteolysis, similar to
the example of exendin-4. As in exendin-4, the increased proteolytic resistance is assumed to
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contribute to increased bioavailability in vivo. To this end, two AMTCs, i.e. KR-12-derived
AMTC31-6 and IsCT-derived AMTC33-2, have been designed previously (cf. chapter 1.3.5. En
route to antimicrobial Trp-cage proteins) and will be characterized here.

3.3.1. Unpublished results: AMTC33-2 and IsCT

The synthesis, purification, and biological activity of AMTC31-6 and KR-12 are reported and
discussed in the original publication?®®, which is provided in the chapter 3.3.2. Antimicrobial
Trp-cage: Publication. Here, they are listed merely for comparison with AMTC33-2 and IsCT.

Synthesis and purification of AMTC33-2 was performed by Sven Rothemund at the Faculty of
Medicine, University of Leipzig. IsCT was synthesized by Andrea Gianesini analogous to the
synthesis of KR-12 (cf. chapter 6.1.1. Peptide synthesis). | have purified the crude IsCT by means
of HPLC using the Agilent PLRP-S column with the same gradient that was used for the
purification of Helix19-6 (gradient 1; cf. chapter 6.1.2. Peptide purification).

3.3.1.1. Antibacterial activity of AMTC33-2 and IsCT
The antibacterial activity of AMTC33-2 and IsCT against E. coli and Bacillus megaterium
(B. megaterium) was determined at pH = 7.5 and pH = 5.5, each with and without supplemented
NaCl (150 mMm). The assays were performed as described in the original publication.!?%!
With respect to E. coli, the antibacterial activity of AMTC33-2 and IsCT is similar, but both are
drastically less active than AMTC31-6, regardless of pH or salinity (Table 4). Similar results are

obtained from the antibacterial assays with B. megaterium (Table 5).

Table 4: MIC and MBC of AMTC31-6, KR-12, AMTC33-2 and IsCT against E. coli.

Escherichia coli
pH =7.5, 150 mm NaCl pH =7.5,0 mm NaCl pH = 5.5, 150 mm NaCl pH =5.5, 0 mm NaCl
Peptide MIC / um MBC / pm MIC / um MBC / pm MIC / um MBC / pm MIC / um MBC / pm
AMTC31-6 0.313 0.313 0.313 0.313 0.039 0.039 0.078 0.078
KR-12 >5 0.039 0.156 >5 0.078 0.313
AMTC33-2 >5 >5 5 5 2.5 2.5
IsCT 5 >5 2.5 >5 >5 2.5 2.5
X X is the average MIC or MBC, respectively, rounded to the nearest dilution level.
> X The respective MIC or MBC are above the concentration X in all measurements.
> X The average MIC or MBC, respectively, is above the concentration X, but individual measurements may be at or below X.

[empty] The MBC was not determined, because no activity was measured in the corresponding MIC assay.

Table 5: MIC and MBC of AMTC31-6, KR-12, AMTC33-2 and IsCT against B. megaterium.

Bacillus megaterium
pH =7.5, 150 mm NaCl pH =7.5,0 mm NaCl pH =5.5, 150 mm NaCl pH =5.5, 0 mm NaCl
Peptide MIC / um MBC / um MIC / um MBC / um MIC / um MBC / um MIC / um MBC / um
AMTC31-6 0.02 0.02 0.02 0.02 0.005 0.005 0.01 0.01
KR-12 0.02 0.02 <0.002 <0.002 0.078 0.078 0.002 0.005
AMTC33-2 1.25 1.25 0.625 1.25 0.313 0.625 0.156 0.156
IsCT 1.25 2.5 0.625 1.25 1.25 1.25 0.313 0.625
X X is the average MIC or MBC, respectively, rounded to the nearest dilution level.
<X X is the lowest tested concentration and the peptide is active at that concentration.

IsCT was previously reported to be rather inactive against Gram-negative bacteria, although
the activity against two different E. coli strains was in the range from 5 pum to 10 um.[** Since the
E. coli strain used here (E. coli K12 D31) has an LPS defect,?®”! the slightly lower MIC of IsCT
detected here (2.5 um—5 um) has been expected. The low activity of AMTC33-2 and IsCT against
B. megaterium, however, is surprising, because this bacterium is known to be highly susceptible
to antimicrobial peptides?®® and IsCT has been reported®! to be more active against Gram-
positive than Gram-negative bacteria.
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Fusing the Trp-cage TC-KKA to IsCT did not have a large effect on the antibacterial activity. It
slightly decreased the activity against E. coli at pH = 7.5, but not at pH = 5.5. In contrast, it slightly
increased the activity against B. megaterium at pH = 5.5, but not at pH = 7.5.

3.3.1.2. Pore-forming activity of AMTC33-2 and IsCT

To assess whether a pore-forming mode of action is responsible for the antibacterial activity
of the designed AMTCs, a liposome depolarization assay was performed. The method is
described in the original publication.?® Briefly, a positively charged fluorescent dye is trapped
in large mulitlamellar liposomes at concentrations sufficient for self-quenching of the
fluorescence. An electrostatic gradient (negative inside, positive outside) keeps the dye inside
the liposomes. Addition of pore-forming or membrane-disrupting peptides dissipates the
membrane potential and releases the dye from the liposomes resulting in a measurable increase
in fluorescence over time. The activity in U um™ given in Table 6 is a measure for the increase in
fluorescence one minute after the addition of antimicrobial peptide. The liposomes are
composed of soybean phospholipids containing zwitterionic and negatively charged head
groups thus mimicking the bacterial plasma membrane.

Table 6: Pore forming activity of AMTC31-6, KR-12, AMTC33-2 and IsCT.

AMTC31-6 KR-12 AMTC33-2 IsCT
Activity / U um? 35.57 11.09 37.93 8.15
Standard deviation 12.39 9.35 7.75 6.65

The pore forming activity was determined for each peptide at a concentration of 0.1 um.

Although AMTC33-2 and IsCT have similar activities against E. coli and B. megaterium, their
performance in the liposome depolarization assay is very different (Table 6) and AMTC33-2 is
able to dissipate the membrane potential much more efficiently than IsCT. Comparison with
AMTC31-6 and KR-12 might indicate that a longer peptide probably forms more stable pores or
disruptions in the membrane leading to a faster dissipation of the membrane potential.

3.3.1.3. Hemolytic activity of AMTC33-2 and IsCT

Since AMTC33-2 was shown to disrupt the membrane of liposomes, a hemolysis assay was
performed to test whether it would also permeabilize the cell membrane of erythrocytes. The
hemolysis assay was performed as described in the original publication. 2%

IsCT is a toxin that was discovered in scorpion venom and its strong hemolytic effect has been
described in the literature.® In comparison to IsCT, AMTC33-2 is significantly less hemolytic
(Table 7). Potentially, the Trp-cage domain of AMTC33-2 reduces the activity against human
erythrocytes because it lowers the overall hydrophobicity compared to IsCT. Nonetheless, the

hemolytic activity of AMTC33-2 is still rather strong compared to to AMTC31-6 and KR-12.

Table 7: Hemolytic activity of AMTC31-6, KR-12, AMTC33-2 and IsCT in dependence of their concentration. The

intensity of the red background coloring is proportional to the hemolytic activity.

c/uM [ AMTC31-6 KR-12 AMTC33-2 IsCT
80 4 0 38

40 3 0 18 39

20 2 0 14 20

10 0 0 9 6

5 0 0 4 1

2.5 0 0 1 0

1.25 0 0 0 0
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The hemolytic activity of AMTC33-2 and IsCT is significant (i.e. larger than 1%) at
concentrations of 5 uM and 10 uMm, respectively, which is in the same range as their MIC against
E. coli. Therefore, IsCT and AMTC33-2 were not considered further to be able to focus more on
the characterization and development of the more promising AMTC31-6. Nonetheless, it is
worth noting that fusion with a Trp-cage domain could mitigate the hemolytic potency of IsCT
and was able to induce a stable a-helical structure at 1 °C (Figure 6 in chapter 1.3.5. En route to
antimicrobial Trp-cage proteins), despite several helix disrupting residues (glycines and
isoleucines; Table 8) in the sequence of IsCT.

Table 8: Sequence, length and charge of the AMTCs and their parent peptides. This table is identical to Table 2.

Peptide Sequence Length | Charge
Ac-TC-KKA Ac-DKYAQWLADGGPSSGRPPPK 20 0
KR-12 KRIVQRIKDFLR-NH>2 12 +5
AMTC31-6 KRIVORIKDFLRKYAQWLADGGPSSGRPPPK 31 +6
IsCT ILGKIWEGIKSLF-NH2 13 +2
AMTC33-2 ILGKIWEGIKSLFDKYAQWLADGGPSSGRPPPK 33 +2

3.3.2. Antimicrobial Trp-cage: Publication
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Nils PreulRke, Matthias Lipfert, Sven Rothemund, Matthias Leippe and Frank D. Sonnichsen
Biochemistry 2021, 60, 3187-3199
DOI: 10.1021/acs.biochem.1c00567

12
Antimicrobial peptide

1 (\»r
81
Trypsin §6 ; . 12
— 10
0

4
ﬁ* higher resistance
;;*; against enzymatic

5, degradation
s,
.,

higher

Figure 17: Graphical Abstract. A chimeric protein comprising an antimicrobial peptide fused to a Trp-cage domain
displays not only increased antimicrobial activity compared to the parent antimicrobial peptide but also is digested
significantly slower by trypsin or chymotrypsin.
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Here, we describe a strategy to increase the resistance of dAMPs i ORI §f ***;:ga'"ﬁ:g";fﬁjf,'ﬁ
against proteases. Fusing the 12-residue o AMP KR-12 with a Trp- ‘ pesten e 2 -

cage domain induces an a-helical structure in the otherwise Teypsin T RN
unfolded KR-12 moiety in solution. The resulting antimicrobial

Trp-cage exhibits higher proteolytic resistance due to its stable fold /

as evidenced by correlating sequence-resolved digest data with bigher A
structural analyses. In addition, the antimicrobial Trp-cage displays —

Synthesis antimicrobial activity

increased activity against bacteria in the presence of physiologically
relevant concentrations of NaCl, while the hemolytic activity
remains negligible. In contrast to previous strategies, the presented approach is not reliant on artificial amino acids and is therefore
applicable to biosynthetic procedures. Our study aims to improve the pharmacokinetics of ?AMPs to facilitate their use as
therapeutics.

1. INTRODUCTION

Antibiotic-resistant bacterial pathogens pose a serious threat to

A different way to increase proteolytic resistance of peptides
can be observed in exendin-4, an approved active agent for the
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See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

the efficiency of medical therapies that rely on antibiotics. The
global economic consequences of antimicrobial resistance are
estimated to compare to the effect of an average worldwide 2
°C temperature increase due to global warming," The ongoing
“crisis in antibiotic resistance”” is driving the investigation of
antimicrobial peptides (AMPs) and host defense peptides
(HDPs) as clinically applicable antibiotics.”* These peptides
have a direct bactericidal mode of action, while HDPs often
also comprise immunomodulatory functions and can poten-
tially be used for the treatment of chronic inflammatory
diseases.”*

Although their name might insinuate otherwise, a-helical
AMPs (aAMPs) typically are disordered in aqueous solution.
Upon insertion into the lipid membrane of their target
organism, they assume the eponymous a-helical structure.
Lack of a stable conformation in solution renders aAMPs
susceptible to enzymatic proteolysis, which limits their
bioavailability. LL-37, for instance, a drug candidate for the
treatment of venous leg ulcers, is highly susceptible to
degradation by ulcerous wound fluids® and by proteases of
bacterial®™® or human®’ origin. Strategies to slow the
enzymatic degradation of ®AMPs include N-terminal acetyla-
tion and C-terminal amidation,® avoidance of cleavage sites by
sequence design,g’10 incorporation of p-amino acids®'""* or
other nonstandard amino acids,"*"* and intramolecular cross-
linking.'*">

© 2021 The Authors. Published by
American Chemical Society

7 ACS Publications

treatment of diabetes mellitus type 2.'® The solution structure
of exendin-4 is characterized by a unique folding pattern
named the Trp-cage motif.'” The fold of exendin-4 is stabilized
by clustering of hydrophobic side chains around a central
tryptophan residue in an a-helix of five turns. At its
N-terminus, the a-helix is gradually fraying and is preceded
by a short disordered region.'” When incubated in human
plasma, proteolytic cleavage of exendin-4 occurs in its unfolded
N-terminal region only, indicating the role of the Trp-cage in
exendin-4’s resistance to proteolytic degradation.'® Sequence
optimizations and N-terminal shortening of exendin-4 yielded
the Trp-cage miniprotein,”” > a 20-residue protein that
exhibits a stable fold but lacks biological activity.

Here, we present a strategy to design aAMPs with reduced
susceptibility to enzymatic degradation. The approach relies on
the stabilization of an a-helical structure in an AMP directly
fused to a Trp-cage domain. It exploits the fact that peptides
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with a rigid structure are less susceptible to enzymatic
degradation than those with a disordered conformation.

2. EXPERIMENTAL DETAILS

2.1. Peptide Design. Peptide design and molecular
dynamics (MD) simulations were performed with Schrodinger
Suite Release 2017-4 and 2020-4 (Schrodinger LLC, New
York, NY, USA). The AMTCs were based on structure 1/28 of
the Trp-cage variant TC10b (PDB: 2JOF). Additional residues
of the AMTC’s a-helix were added in an ideal a-helical
conformation using Maestro (Schrddinger LLC, New York,
NY, USA). Net charges were compensated by adding Cl~, and
the structures were geometrically relaxed by applying the force
field OPLS3 with implicit water using MacroModel (Schro-
dinger LLC, New York, NY, USA). MD simulations were
performed with the Desmond Molecular Dynamics System
(D.E. Shaw Research, New York, NY, USA) and set up with
the Maestro-Desmond Interoperability Tools (Schrodinger
LLC, New York, NY, USA). The peptide was submerged in a
cubic box (125,000 A*) of explicit water complying with the
TIP4P-D water model.”” OPLS3e was the applied force field.”*
The temperature and pressure were set to 310 K and 1.01325
bar, respectively. MD simulations covered a period of 1000 ns
with recording intervals of 1000 ps (trajectory) and 1.2 ps
(energy). Depictions were created with Open-Source PyMOL
Molecular Graphics System 1.9.0.0 (Schrodinger LLC, New
York, NY, USA).

2.2. Peptide Synthesis. All peptides were synthesized
using solid-phase peptide synthesis (SPPS) employing a
fluorenylmethoxycarbonyl (Fmoc) protecting group strategy.”*
Apart from two dipeptides (DG and SS), standard Fmoc-
protected amino acids with acid-labile side chain protecting
groups were used. The DG-dipeptide Fmoc-Asp-(OtBu)-
(DMB)Gly-OH (Novabiochem, Merck, Darmstadt, Germany)
was used to avoid aspartimide formation during synthesis, and
the SS-dipeptide was coupled as the pseudo-proline Fmoc-
Ser(tBu)-Ser(psiMe,Mepro)-OH (Novabiochem, Merck,
Darmstadt, Germany or Iris Biotech, Marktredwitz, Germany)
to disrupt secondary structure effects during synthesis.

TC-KKA, KR-12, Helix19-6, AMTC26-4, AMTC27-6, and
AMTC24-S were synthesized on a microwave-assisted, semi-
automated peptide synthesizer Initiator® SP Wave (Biotage,
Uppsala, Sweden). TC-KKA, AMTC26-4, AMTC27-6, and
AMTC24-5 were synthesized on Wang resin (200—400 mesh,
860 pmol g_l, ChemPep, Wellington, FL, USA) on a 172 or
258 pmol scale. Helix19-6 and KR-12 were synthesized on
Rink amide resin (100—200 mesh, 450 pmol g~', ChemPep,
Wellington, FL, USA) on a 90 pmol scale. Coupling was
performed with S equiv of the corresponding amino acid or
dipeptide using hexafluorophosphate azabenzotriazole tetra-
methyl uronium (HATU; 4.9 equiv) and N,N-diisopropyle-
thylamine (DIPEA; 10 equiv) dissolved in DMF at 75 °C for §
min. Capping was performed using a solution of DMF (50%
v/v), pyridine (25% v/v), and acetic anhydride (25% v/v) at
75 °C for 5 min. Cleavage of the terminal Fmoc-protecting
group was achieved with piperidine (25% v/v) in DMF at 75
°C for S or 9 min. Final cleavage and deprotection were
achieved using a solution of trifluoroacetic acid (TFA; 90% v/
v), 1,3-dimethoxybenzene (5% v/v), triisopropyl silane (TIS;
2.5% v/v), and water (2.5% v/v) for 3 + 1 h at ambient
temperature.

AMTC31-6 was synthesized on an automated peptide
synthesizer MultiPep RS (Intavis, Koln, Germany) using
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preloaded PHB-TentaGel resin (Rapp Polymere, Tiibingen,
Germany) on a S0 umol scale. Standard Fmoc-protected
residues (5 equiv) were coupled in a 1:1 mixture of DMF and
N-methyl-2-pyrrolidone (NMP) at ambient temperature for 45
min using O-(1H-6-chlorobenzotriazole-1-yl)-1,1,3,3-tetrame-
thyluronium hexafluorophosphate (HCTU; S equiv) and N-
methylmorpholine (NMM; 10 equiv) as coupling agents. Each
dipeptide (3 equiv) was coupled using DIPEA (6 equiv) and
HATU (3 equiv) in DMF/NMP (1:1) at ambient temperature
for 4 h. Removal of all protecting groups and cleavage from the
resin occurred during the final reaction employing a mixture of
TFA (94.8% v/v), TIS (2.6% v/v), and water (2.6% v/v)
supplemented with phenol (2.5% m/m) for 4 h at room
temperature.

The cleavage mixture was filtrated and the peptides were
precipitated from the filtrate through addition of cold diethyl
ether and were subsequently dried.

2.3. Peptide Purification. Purification of all peptides was
achieved by means of reverse-phase (RP) high-performance
liquid chromatography (HPLC) on a VWR-Hitachi LaChrom
Elite instrument (VWR, Darmstadt, Germany) equipped with
a VWR-Hitachi L2400 UV detector (VWR, Darmstadt,
Germany) and a Foxy Rl fraction autocollector (Teledyne
ISCO, Lincoln, NE, USA). The peptides were purified in small
batches of approximately 10 to 100 mg of crude peptide. The
preparative gradients were 90 min in length using water
acidified with 0.1% (v/v) formic acid (FA) as solvent A and
MeCN acidified with 0.1% (v/v) FA as solvent B. Peptides
were prepurified on a semipreparative VP 250/32 Nucleosil
100-7 C18 column (dimensions: 250 mm X 32 mm; pore
diameter: 10 nm; particle size: 7 pm; Macharey-Nagel, Diiren,
Germany) with a flow rate of 8 mL min™'. A subsequent
purification was performed using a PLRP-S column (dimen-
sions: 325 mm X 30 mm; pore diameter: 30 nm; particle size:
8 ym; Agilent, Santa Clara, CA, USA) with a flow rate of 6 mL
min~". Purified peptides were handled in a sterile environment
to avoid contamination with microorganisms and other sources
of proteases.

2.4. Analytical UHPLC. Ultrahigh-performance liquid
chromatography (UHPLC) was performed with a Dionex
Ultimate 3000 RS instrument comprising a solvent degasser,
binary pump, autosampler, column compartment, and diode
array detector (DAD) coupled to a QExactive Plus Hybrid
Quadrupole-Orbitrap mass spectrometer (all instruments:
Thermo Fisher Scientific, Waltham, MA, USA). The
UHPLC device was equipped with an Accucore Polar
Premium column (dimensions: 100 mm X 2.1 mm; pore
diameter: 15 nm; particle size: 2.6 pm) and precolumn
(dimensions: 10 mm X 2.1 mm; pore diameter: 15 nm; particle
size: 2.6 pm; column and precolumn: Thermo Fisher
Scientific, Waltham, MA, USA).

The autosampler temperature and the column compartment
temperature were set to 25.0 °C. LC-MS-grade water acidified
with 0.1% (v/v) FA served as solvent A, while HPLC-grade
MeCN acidified with 0.1% (v/v) FA served as solvent B. The
flow rate was set to 0.4 mL min~!, and the following gradient
was applied: 0.0 min, 5% B; 1.0 min, 5% B; 9.0 min, 65% B; 9.5
min, 95% B; 11.0 min, 95% B; 11.5 min, 5.0% B; 13.3 min, 5%
B. The DAD was set to detect signals at 220 and at 280 nm.

The daily calibrated mass spectrometer was equipped with a
heated electrospray ionization (HESI) source and was set to
operate in positive ion mode with a resolution power of 70,000
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at full width at half maximum (FWHM) at m/z = 200 scanning
an m/z range from 100 to 1500.

2.5. Creation of Peptide Stock Solutions. Lyophilized
peptides were weighed on an AB135-S FACT analytical
balance (Mettler-Toledo, Columbus, OH, USA) with a
precision of 0.01 mg. Subsequently, they were dissolved in a
defined amount of water to a concentration ¢, between 200
and 300 M. The concentration cyy of the peptides containing
tyrosine and/or tryptophan (TC-KKA, Helix19-6, AMTC31-6,
AMTC26-4, AMTC27-6, and AMTC24-5) was determined by
ultraviolet and visible light (UV—Vis) spectroscopy using the
method of Gill and von Hippel.”> By averaging over all
peptides and all measurements in which the concentration was
determined with both methods (n = 20), the mean ratio of ¢y
to Cyeighe Was found to be cyy/cueighe = 0.79 + 0.08. The
concentration of KR-12 was determined by weight and
corrected by multiplying it with the correction factor of 0.79

c(KR-12) = ¢, qiqn(KR-12)-0.79

Aliquots of each peptide with a known volume and
concentration were lyophilized and stored at —20 °C until
use. Prior to use, stock solutions of (1.0 + 0.1) mM in water
were prepared from the aliquots, which were then diluted to
the required concentration with the required buffer for the
respective experiment. Even though the determination of
concentration by UV—Vis spectroscopy is accurate, the
subsequent lyophilization, creation, and dilution of stock
solutions may lead to an error of approximately 10%.

2.6. pH Determination. The pH was determined using a
pH meter 320 (Corning, Corning, NY, USA) equipped with a
Spintrode pH electrode (Hamilton, Reno, NV, USA). The
device was calibrated using two-point calibration at pH = 4.01
and pH = 7.00.

2.7. NMR Spectroscopy. NMR spectra were recorded on
an AV II 600 Fourier transform—NMR spectrometer (Bruker,
Billerica, MA, USA) at frequencies of 600.1 MHz for 'H nuclei
and 150.9 MHz for "*C nuclei. The spectrometer was equipped
with a triple-resonance cryoprobe (Bruker, Billerica, MA,
USA). All samples were measured in Aldrich ColorSpec NMR
tubes (S X 178 mm; precision: S00 MHz; Sigma-Aldrich,
Merck KGaA, Darmstadt, Germany) at 25 °C. For every
peptide, a solution in water with 8.3% (v/v) D,O for locking
was prepared from the stock solutions. The pH was adjusted to
pH = 5.5 £ 0.1 (not corrected for D,O content) by addition of
diluted aqueous NaOH, and the concentration was adjusted to
(400 + 40) uM. For referencing, each sample contained 7.6
uM sodium 4,4-dimethyl-4-silapentane-1-sulfonate (DSS) as
an internal standard. The peptide concentration in each NMR
sample (Table S8) was assessed by integrating the DSS
reference signal and comparing its intensity to that of the
peptide’s high field aliphatic signals (in the range between 0.8
and 1.1 ppm) and to the intensity of the Trp H*' signals
(reduced signal intensity of the Trp H®' due to exchange with
deuterium was considered in the calculation).

"H chemical shifts were identified using 'H,'H-correlation
spectroscopy (COSY), 'H,'H-total correlation spectroscopy
(TOCSY), and 'H,'H-nuclear Overhauser enhancement spec-
troscopy (NOESY). "*C chemical shifts were obtained from
'H,*C-heteronuclear single quantum coherence (HSQC)
spectroscopy. Assignments according to IUPAC recommen-
dations™® are given in Tables S9—S22. The sequence identity
of every peptide was confirmed by sequential assignment using
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(i, i + 1)-NOE signals. To calculate the chemical shift deviation
(CSD or AS8; AS = S pserved — Orandom coi), Tandom coil shifts
were taken from Wishart et al.”” CSD plots (Figures S2 and
S3) were analyzed to check for helicity according to Wishart
and co-workers.”**’

All homonuclear proton experiments used excitation
sculpting with gradient pulses (ESGP) for water suppression.*’
For the HSQC spectra, water suppression was achieved using
presaturation. The data were processed using TopSpin 4.0.6
(Bruker, Billerica, MA, USA) and analyzed using NMRview]
9.2.0-b24 with Java 1.8.0_192 amd64 (One Moon Scientific,
Westfield, NJ, USA).

2.8. CD Spectroscopy. CD spectra were recorded on a J-
720 spectropolarimeter (Jasco, Pfungstadt, Germany) equip-
ped with a Haake WKL 26 thermostat (Thermo Electron
Corporation, now Thermo Fisher Scientific, Waltham, MA,
USA) and a PTC-423S Peltier element (Jasco, Pfungstadt,
Germany). All measurements were performed with the same
quartz glass cuvette with an optical path length of 1.00 mm.
Samples for CD spectroscopy were prepared by diluting an
aliquot of the NMR sample with a 10 mM aqueous buffer of
sodium acetate adjusted to pH = 5.5 + 0.1 (Table $23). Full
spectra were recorded at 25 °C (Figure 2A) and at 37 °C
(Figure S4A) in the range from 200 to 250 nm with a data
pitch of 1 nm and were averaged over 12 measurements. Each
spectrum was background-corrected.

Thermal unfolding (Figure 2B) was observed at the
wavelength of 222 nm in the range of S to 80 °C or 90 °C
with a data pitch of 1 °C. Two consecutive cycles of heating
and cooling were averaged for each melting curve. A heating
and cooling rate of 1 °C min~"' was applied. Prior to the
measurement, the sample was equilibrated at the starting
temperature for at least 5 min. Background subtraction was
applied. Melting curves of the peptides TC-KKA, AMTC31-6,
and AMTC26-4 were fitted with a sigmoidal Boltzmann
function (Table S24).

2.9. Minimal Inhibitory Concentration Assay. The
bacterial strains Bacillus megaterium ATCC 14581 as well as
the LPS-impaired®' and streptromycin- and ampicillin-
resistant®>** Escherichia coli K12 D31 are rather susceptible
to antimicrobial peptides,”* and they were chosen to detect
even minor antibacterial activities. To assess the antibacterial
activity against clinically relevant strains, Staphylococcus aureus
ATCC 12600 and Pseudomonas aeruginosa ATCC 10145 were
used. Bacteria were grown in lysogeny broth (LB) medium (10
g L7! tryptone, S g L' yeast extract, and 10 g L™' NaCl
dissolved in water) in a shaking incubator at 37 °C under
aerobic conditions to the mid-exponential phase. The bacterial
suspension was diluted with fresh LB medium to a
concentration of 10,000 cfu/mL immediately prior to use.

The serial microdilution assay was performed in sterile,
transparent, and round-bottom polypropylene 96-well plates.
To reduce the hydrophobicity of the wells’ surfaces, they were
incubated with a sterile solution (0.1% w/v) of bovine serum
albumin (BSA) in water for 20 min (200 uL/well) and
emptied so that only a thin film remained on the well walls.
Each well was filled with 90 uL of serially diluted peptide (2-
fold dilution per step) in sterile 10 mM sodium phosphate
buffer adjusted to pH = 5.5 + 0.5 or pH = 7.5 + 0.5. For assays
at higher salinity, the buffer was supplemented with 150 mM
NaCl. Ten microliters of a 10,000 cfu mL™' bacterial
suspension was added to each well. Melittin (from honey
bee venom, 91.8% purity by HPLC, Sigma-Aldrich, Merck,
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Darmstadt, Germany) served as a positive control and buffer
containing no peptide served as a negative control. Sterile LB
medium served as a sterile control. The plates were incubated
at 37 °C for (18 + 2) h. After this period of incubation, the
plates were centrifuged at 1800g for 3 min to enforce the
formation of a bacterial pellet. Each peptide was analyzed in
duplicate per assay, and each assay was performed at three
different days (n = 6). The minimal inhibitory concentration
(MIC) is the average lowest concentration of the peptide
(rounded to the nearest dilution level) at which no bacterial
growth is visible using binoculars after the incubation period.

2.10. Minimal Bactericidal Concentration Assay. The
minimal bactericidal concentration (MBC) assay was per-
formed immediately after the analysis of the MIC assay. Ten
microliters was taken from the first well below the MIC
(positive control), the well at the MIC, and the first one or two
wells above the MIC of each row of the MIC assay and spread
on separate sterile LB agar plates (LB medium gelled with 15 g
L™ agar). As a negative control, sterile LB agar was spread on
an agar plate. The agar plates were incubated at 37 °C for (18
+ 2) h. The MBC is the average lowest concentration of the
peptide (rounded to the nearest dilution level) at which no
bacterial colonies are apparent on the agar plates after the
incubation period.

2.11. Liposome Depolarization Assay. The liposome
depolarization assay was performed essentially as described”
using laige multilamellar liposomes. To prepare the lip-
osomes,”® 60 mg of crude extract of soybean phospholipids
type 1I-S (PS638, Sigma-Aldrich, Merck, Darmstadt, Germany)
was dissolved in 1.5 mL of chloroform in a 250 mL round-
bottom flask. The solution was blow-dried with nitrogen while
carefully spinning the flask to create an even and thin layer,
which was dried in vacuo for (18 + 2) h. The lipid film was
reconstituted in 1.5 mL of liposome buffer (water, SO mM
tris(hydroxymethyl)aminomethane (Tris) maleate, 50 mM
K,SO,, 0.5 mM ethylenediaminetetraacetic acid (EDTA), and
0.02% (m/v) sodium azide; adjusted to pH = 5.2 with KOH)
by gently agitating it with a few glass beads. The mixture was
transferred into a small glass vial and sonicated at 0 °C to gain
a clear solution. The solution was subjected to three freeze-
and-thaw cycles using dry ice and a water bath of 37 °C.
Finally, it was sonicated for 15 s and stored at (6 + 2) °C until
use.

Two microliters of the liposome suspension and 8 yL of a 2
mM solution of the fluorescent dye 3,3’-diethylthiadicarbo-
cyanine iodide in ethanol (final conc.: 2 M) were mixed with
8 mL of cuvette buffer (water, S0 mM Tris maleate, SO mM
Na,SO,, and 0.5 mM EDTA; adjusted to pH = 5.2 with
NaOH) through short and gentle agitation and equilibrated to
25 °C. Two milliliters of this suspension was filled into a
polystyrene fluorescence cuvette. Fluorescence was measured
with a fluorescence spectrophotometer LSSOB (PerkinElmer,
Waltham, MA, USA) using excitation wavelengths of 620 nm
and emission wavelengths of 670 nm. Approximately 40 s into
the measurement, the cuvette was taken out of the instrument,
and 4 uL of a 0.5 yM valinomycin solution in ethanol was
added to a final concentration of 1 nM. The cuvette was gently
agitated and quickly placed back into the (still recording)
spectrometer. Addition of valinomycin creates a K" diffusion
potential across the liposome membrane driving the dye into
the liposomes, effectively quenching the fluorescence. Once a
stable fluorescence level was reached, 4 L of a 50 uM peptide
solution in 10 mM HCI was added to the cuvette to a final
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concentration of 0.1 #M in a process identical to the addition
of valinomycin. The addition of a pore-forming peptide will
dissipate the K" diffusion potential, releasing the dye from the
liposome and leading to restoration of fluorescence over time.
A 5% restoration of fluorescence intensity 1 min after the
peptide was added is defined as 1 U of activity. The assay was
performed at three different days and at least in triplicate each
time for each peptide (n > 9). The activity was averaged over
all measurements and was corrected by subtracting the average
activity of a blank sample (4 uL of 10 mM HCl in water). Four
microliters of a SO uM alamethicin (from Trichoderma viride,
> 98% purity by HPLC, Sigma-Aldrich, Merck, Darmstadt,
Germany) solution in ethanol served as a positive control.

2.12. Hemolysis Assay. Human erythrocytes (blood
group A, Rh(D)-positive) were obtained as a concentrate for
infusion from the Institute of Transfusion Medicine of the
University Clinic of Schleswig-Holstein (UKSH, Kiel,
Germany). Twenty milliliters of erythrocyte concentrate was
washed three times by addition of 30 mL of sterile hemolysis
buffer (water, SO mM Na,HPO, and150 mM NaCl adjusted to
pH 7.4 with 6 M HCl), careful mixing, centrifugation (20 min,
500g), and removal of the supernatant. A total of 1.25 mL of
the washed erythrocyte concentrate was diluted with 8.75 mL
of hemolysis buffer to gain a 12.5% erythrocyte suspension.

The serial microdilution assay was performed in sterile,
transparent, and V-bottom polypropylene 96-well plates. To
reduce the hydrophobicity of the wells’ surfaces, they were
incubated with BSA as described for the MIC assay. Each serial
dilution implied 12 different dilution levels with a twofold
dilution per step. Each well was filled with 80 uL of serially
diluted peptide in hemolysis buffer. Twenty microliters of the
dilute (12.5%) erythrocyte suspension was added to each well.
Melittin served as a positive control, and a blank sample
containing no peptide served as a negative control. Osmolysis
of erythrocytes, which was achieved by adding 20 uL of the
12.5% erythrocyte suspension to 80 uL of sterile deionized
water, was defined as 100% lysis. The plates were incubated at
37 °C for 1 h. After this period of incubation, the plates were
centrifuged at 550g for 1 min. Twenty microliters of the
supernatant was transferred into a corresponding well of a flat-
bottom transparent polypropylene 96-well plate already
containing 180 uL of hemolysis buffer per well. The absorption
at 405 nm of each well was measured with a LEDETECT96
microplate reader (Deelux Labortechnik, Godenstorf, Ger-
many). The hemolytic activity of each peptide concentration
was expressed in % and calculated according to the following
formula

A
A

sample Aneg.contml

%hemolytic activity = -100

100%lysis Aneg.control

where the averaged absorption at 405 nm of the osmolysis
wells was defined as A;ggy 1ysi9 Asample 1S the absorption at 405
nm of the well of interest, and A,y conuol 1S the average
absorption of the negative control wells. Each peptide was
analyzed in duplicate per assay, and each assay was performed
at four different days (n = 8). Activity was considered
significant when it was larger than 1%.

2.13. Enzymatic Degradation Monitoring. The enzy-
matic degradation monitoring assay was performed as
described in detail in the Supporting Information. Briefly, a
calibration curve of the parent peptide at 10, 8, 6, 4, and 2 uM
was recorded. Subsequently, the parent peptide (10 yM) was
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A KR-12 TC-KKA
TC-KKA DKYAQWLADGGPSSGRPPPK

+ KR-12 KRIVQRTKDFLR-NH,
AMTC31-6 KRIVQRIKDFLRKYAQWLADGGPSSGRPPPK

Helix19-6 ~ KRIVQRIKDFLRKYAQWLA-NH,

& X TC-KKA AMTC26-4 RIKDFLRKYAQWLADGGPSSGRPPPK
\Y

! AMTC27-6 GIVRIFKRLYKQWLKDGGPSSGRPPPK

k’ L F i + AMTC24-5 GIFKRLYRKQWLKDGGPSSGRPPPK

g

AMTC31-6 @ (W} G
Helix19-6
20

Helix19-6

Figure 1. Design of AMTCs. Blue and red indicate hydrophilic or hydrophobic residues, respectively, of the a-helix. (A) Design concept of
AMTC31-6 and AMTC27-6. While the model AMTC31-6 was obtained from fusing KR-12 and TC-KKA,_,, in silico, AMTC27-6 was designed
de novo from TC-KKA and from bulky hydrophobic residues as well as basic residues. Glycine was chosen as the N-capping residue. Residues of
TC-KKA depicted in black were replaced, and they are not part of the AMTC. The backbone of the Trp-cage loop is colored in gray. (B) The
sequences of all peptides synthesized for this study are displayed. Colored residues are expected to form an a-helix in the membrane-associated
state. Underlined residues form the Trp-cage loop in the solution state. (C) The helical wheel projections of the a-helix of AMTC31-6 (left) and
AMTC27-6 (right) are oriented in the same way as in panel (A), i.e., with the tryptophan residue and the Trp-cage domain facing up. Helix-
capping residues are colored in gray. The D20 of AMTC31-6 is not part of Helix19-6, but apart from this difference, their helical wheel projection is
identical. (D) Representative structures of AMTC31-6 and Helix19-6 were obtained from molecular dynamics (MD) simulations of both peptides.
The backbone is shown in cartoon style with rainbow coloring (N-terminus: blue; C-terminus: red). AMTC31-6 is oriented similar to its depiction
in panel (A). In general accordance with NMR spectroscopic observations, its N-terminus is unfolded until R6, but the rest of the peptide is well
structured. In this depiction, Helix19-6 is helical between residues I7 and Y14 but not across the whole peptide to indicate nascent helicity.
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Figure 2. CD data. (A) CD data were recorded at 25 °C and at pH = 5.5. The mean residue molar ellipticity [J]MR is plotted over the wavelength
A. A negative band at 222 nm is indicative of helicity. (B) The mean residue molar ellipticity at 222 nm [#]MRy,,,,,, was recorded at pH = 5.5 in a
temperature range of up to 90 °C to monitor thermal unfolding. Two heating and cooling cycles were averaged for each peptide. Because of slight
thermal degradations in TC-KKA and AMTC26-4 after two heating cycles to 90 °C, the other peptides were only heated to 80 °C. T,’s obtained
from sigmoidal Boltzmann fits are stated in Table 1, while the complete sets of fit parameters are given in Table S24.
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Table 1. Structural Properties”

S
359 £ 1.1

peptide
TC-KKA

KR-12
AMTC31-6

n.a.

44.0 £ 0.5

Helix19-6

AMTC26-4 433 +£03

AMTC27-6

<10

AMTC24-5 <10

sequence

DKYAQWLADGGPSSGRPPPK

KRIVQRIKDFLR-NH,
KRIVQRIKDFLRKYAQWLADGGPSSGRPPPK

KRIVQRIKDFLRKYAQWLA-NH,

RIKDFLRKYAQWLADGGPSSGRPPPK

GIVRIFKRLYKQWLKDGGPSSGRPPPK

GIFKRLYKQWLKDGGPSSGRPPPK

solution structure at 25 °C
D1: dynamic a-helix
K2—A8: stable a-helix
D9-K20: stable Trp-cage loop
K1-R12: random coil
K1-V4: random coil
QS5—17: dynamic a-helix
K8—A19: stable a-helix
D20—-K31: stable Trp-cage loop
K1-V4: random coil
Q5—A19: nascent a-helix
R1-D4: dynamic a-helix
F5—Al4: stable a-helix
D15—K26: stable Trp-cage loop
G1-I5: random coil
F6—K15: dynamic a-helix
D16—K27: dynamic Trp-cage loop
G1-I2: random coil
F3—K12: dynamic a-helix
D13—K24: dynamic Trp-cage loop

“The T,, (& the standard deviation resulting from the fit) was determined by CD spectroscopy, and it reports the thermal stability of the peptides’
a-helix. Melting point determination is not applicable (n.a.) for KR-12 and Helix19-6 as those peptides do not show melting behavior. The solution
structure descriptions at 25 °C are based on the CSD (Figures S2 and S3) and NOE analyses (Tables S1—S7). The stability of a structural element
in a protein is characterized as follows: unstructured = random coil < nascent < dynamic < stable.

placed in the temperature-controlled autosampler of a
UHPLC-MS device and a chromatogram was recorded (f).
One microliter of enzyme solution at a defined concentration
was added, and the digest was monitored for 9 h by
withdrawing and analyzing a sample every 15 min. The
chromatograms were processed using TraceFinder 4.1
(Thermo Fisher Scientific, Waltham, MA, USA), considering
multiple adducts and charge states for every parent peptide and
fragment.

3. RESULTS

3.1. Design and Structure of the Antimicrobial Trp-
Cage. 3.1.1. Fusion Approach. Because of its stable fold, the
Trp-cage variant TC10b[K8A]*® was the starting point for
designing the first antimicrobial Trp-cage (AMTC). As a
higher net charge is often beneficial for the membrane activity
of AMPs,””*® the net charge of TC10b[K8A] was increased
from —1 to +1 through the mutations A2K and S20K, resulting
in the Trp-cage TC-KKA (Figure 1). Characterization by
circular dichroism (CD) and nuclear magnetic resonance
(NMR) spectroscopy found TC-KKA to adopt the typical Trp-
cage fold ? at 25 °C. However, the two mutations A2K and
S20K led to a decrease in stability of the fold characterized by a
midpoint of thermal unfolding at T}, = (35.9 + 1.1) °C (Figure
2 and Table 1) compared to T,,(TC10b) = (45.4 = 0.9) °C
(cf. Supporting Information, p. 25) and to the presence of
some un- or misfolded by-forms at 25 °C (12%; Supporting
Information, p. 3, and Figure S1). TC-KKA possesses a short
N-terminal a-helix as evidenced by CD spectroscopy (Figure
2), NMR chemical shift deviations (CSDs) of the H* and C*
nuclei (Figure S2), and (i, i + 3) and (i, i + 4) nuclear
Overhauser enhancement (NOE) signals (Table S1). With
three bulky hydrophobic residues on one side (Y3, W6, and
L7) and four polar residues that are located roughly on the
opposite side (D1, K2, QS, and D9), the a-helix of TC-KKA
has amphipathic character (Figure 1).

3192

The 12-residue peptide KR-12 served as the antimicrobial
part of the first designed AMTC (Figure 1). As a fragment of
LL-37, KR-12 is reported to be active against several bacteria
while being short and nonhemolytic.”~*' According to CD
spectroscopy (Figure 2), NOE analysis (Table S2), and H*
and C%CSD evaluation (Figure S2), KR-12 is completely
unstructured in solution.

When combining KR-12 and TC-KKA in silico, the D1 of
the Trp-cage was eliminated to align the hydrophobic faces of
the helices on the same side in the fused protein (Figure 1).
Being a helix-capping residue, the D1 of TC-KKA was not
required when the helix was elongated. Moreover, the
elimination of its negative charge should be beneficial for the
activity of the AMTC. The chimeric miniprotein resulting from
the fusion of KR-12 and TC-KKA,_,, was termed as
AMTC31-6, where 31 is the number of residues and 6 is the
peptide’s net positive charge. The stable a-helicity of the Trp-
cage was expected to carry forward to the KR-12-derived part
of AMTC31-6 in solution. Any antimicrobial activity of
AMTC31-6 was presumed to come from its amphipathic a-
helical part (residues K1—A19). Similar to exendin-4, whose
Trp-cage loop unfolds completely upon association with
dodecylphosphocholine micelles,'” the Trp-cage loop of
AMTCs should be unstructured in the membrane-associated
state. As unstructured termini are common in the membrane-
associated state of AMPs,””**~** an unfolded Trp-cage loop of
AMTC31-6 was not expected to have a severe effect on its
biological activity.

The fusion of KR-12 and TC-KKA,_,, led to an increase in
fold stability of AMTC31-6 (T, = (44.0 + 0.5) °C) compared
to TC-KKA (Figure 2B and Table 1). A detailed NMR analysis
of AMTC31-6 including CSDs (Figure S2) and NOEs (Table
S3) indicated a random coil conformation between residues
K1 and V4 with an onset of helicity at residue QS transitioning
to a highly stable a-helix (Table 1). Presumably, the high
density of positive charges (N-terminus, K1, R2, R7, and K8)
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Figure 3. Antibacterial, hemolytic, and pore-forming activity. (A) The average (n = 6) minimal inhibitory concentration (MIC) against B.
megaterium, E. coli, P. aeruginosa, and S. aureus is displayed for every peptide at pH = 5.5 and pH = 7.5 at low salinity (without addition of NaCl;
left) and high salinity (addition of 150 mM NaCl; right). The error of measurement is within +1 dilution level. The hemolytic activity was assessed
only at high salinity at pH = 7.4. The maximum concentration of each assay is stated in the panel legend in brackets. In the case of the assay with S.
aureus at pH = 7.5, the maximum concentration was 20 yM at high salinity and 10 uM at low salinity. The highest tested concentration of the
hemolysis assay was 80 #M. When no symbol of a certain assay is present in a column, the respective peptide was not active under these conditions
in the tested concentration range. MICs, MBCs, and hemolytic activities including their standard deviation are given in Tables S25—S33. Values of
every individual measurement are given in Data S1. (B) The pore-forming activity is displayed for every peptide in this study and for alamethicin.
The peptide concentration was 0.1 M. Each column represents an average of at least nine measurements (cf. Data S1); error bars represent the
standard deviation. A graphical example how the pore-forming activity was determined is given in Figure SS.

and f-branched residues (I3, V4, and 17) within the first eight helix was designed de novo. Being shorter and having a

residues prevent helix formation in the first four residues. modified orientation of the hydrophobic face of the a-helix
Nonetheless, the stable, amphipathic a-helix between residues relative to the Trp-cage loop, AMTC27-6 was designed to have
K8 and A19 results in a large, solvent-exposed hydrophobic a smaller solvent-accessible hydrophobic surface in solution.
face in AMTC31-6 because only the residue W17 is completely This design was chosen because a large solvent-exposed
shielded from the solvent by the Trp-cage loop. hydrophobic face of a preformed a-helix has been associated

To identify the impact of the Trp-cage loop on the structure, with increased hemolytic activity'* or decreased antimicrobial
resistance against enzymatic proteolysis, or biological activity, activity.” When displaying the helix of AMTC27-6 in a helical

the peptide Helix19-6 was included in this study. Comprising wheel projection (Figure 1C), the essential tryptophan residue
the 19 N-terminal residues of AMTC31-6 and a C-terminal of the Trp-cage, W13, is located in the center of the

amidation but lacking a Trp-cage loop, the structure of hydrophobic sector. In consequence, the Trp-cage loop is
Helix19-6 is very dynamic in solution. Its four N-terminal covering the hydrophobic side of two helix turns (Figure 1A).
residues assume a random coil conformation. The other Only upon association with a microbial membrane should the
residues of the peptide show characteristics of a nascent a-helix Trp-cage loop unfold, driven by insertion of the complete
as evidenced by a weak, negative CD band at 222 nm (Figure hydrophobic side of the helix into the membrane. Following
2A), weak CSDs (Figure S2), and weak (i, i + 3)-NOEs (Table this positioning, the hydrophilic face of the helix was devised
S4). using mainly R and K to reach a desired net charge of +6. To
To determine how truncation affects the stability and simplify the NMR analysis, the hydrophobic side comprises
activity of AMTC31-6, residues 1-5 (KRIVQ) were different large hydrophobic residues (V, I, L, and F). G was
eliminated, resulting in AMTC26-4. With a melting point at chosen as the N-capping residue because it had been identified
T, = (43.3 + 0.3) °C, this peptide is of similar stability as as the most common first residue in a-helical AMPs.*”
AMTC31-6 (Figure 2B and Table 1). The a-helix of The melting point of AMTC27-6 was estimated to be Ty, <
AMTC26-4 is fraying in the first turn (R1—D4) but displays 10 °C (Figure 2B and Table 1), and its solution structure was

high stability in the following 2.5 turns (F5—A14) as indicated found to be dynamic at 25 °C as indicated by a shoulder rather
by CD spectroscopy (Figure 2), CSDs (Figure S2), and NOEs than a minimum at 222 nm in the CD spectrum (Figure 2A)
(Table SS). and by a significant number of un- or misfolded by-forms

3.1.2. De Novo Design. Contrary to AMTC31-6, the (23%; Supporting Information, p. 3, and Figure S1). The fS-
peptide AMTC27-6 was devised without using a known branched residues 12, V3, and IS presumably reduce the helical
natural AMP motif (Figure 1). The Trp-cage loop of propensity at the N-terminus. The main reason for the high
AMTC27-6 is identical to that in AMTC31-6, but the a- flexibility of AMTC27-6 is, however, its high positive charge
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density that counteracts helix formation through multiple
repulsive interactions. AMTC27-6 displays a much higher
helical propensity at high pH when the lysine charges are
neutralized (Figure S4B). Still, CSDs (Figure S3) and NOEs
(Table S6) indicate dynamic helicity in the region of F6—K15
of AMTC27-6 corresponding to 2.5 helical turns (Table 1). As
a result of the dynamic a-helix, the stability of the Trp-cage
loop is reduced compared to TC-KKA as evidenced by
generally lower CSDs. Nonetheless, according to the CSDs,
the stability of AMTC27-6 is higher than that of Helix19-6
(Figures S2 and S3).

To keep the Trp-cage intact, truncation of AMTC27-6 was
restricted to residues near the N-terminus. Eliminating two f-
branched residues (12 and V3) and one charged residue (R4)
in AMTC27-6 resulted in the peptide AMTC24-5 (Figure 1),
which is only slightly more stable than AMTC27-6 (Figure 2
and Figure S3). Both peptides are very dynamic; nonetheless,
characteristics of an a-helix and the Trp-cage fold are present.

3.2. Biological Activity. 3.2.1. Antibacterial Activity. The
peptides’ antibacterial activity was tested by microdilution
susceptibility assays in phosphate buffer at two different pH
values (pH = 5.5 + 0.5, pH = 7.5 + 0.5), with or without the
addition of 150 mM NaCl (Figure 3A and Tables S25—S32).
Peptides that showed growth inhibition were subjected to a
minimal bactericidal concentration (MBC) assay. Minimal
inhibitory concentration (MIC) and MBC assays were
performed with two rather susceptible bacteria (B. megaterium
and E. coli) and two robust pathogenic bacteria (S. aureus and
P. aeruginosa). With the exception of KR-12, the averaged MIC
and MBC were mostly identical (occasionally deviating by one
dilution step) for all peptides. With KR-12, however, the MBC
was typically 4-fold (two dilution steps) higher than the MIC.
Of the tested peptides, only TC-KKA expectedly was not
active against any bacterium under any condition.

Comparison of the activities of KR-12 and AMTC31-6
provides insights into how the fusion with TC-KKA, _,, affects
activity. At low salinity, both peptides show similar high to
reasonable activity against the bacteria tested. However, while
the activity of KR-12 is highly dependent on the NaCl
concentration, the activity of AMTC31-6 against most bacteria
is virtually independent of the salinity. AMTC31-6 outper-
forms KR-12 at high salinity with any of the four bacteria and
at any tested pH.

The role of the Trp-cage loop of ATMC31-6 can be
identified when comparing this peptide with Helix19-6 that
lacks this loop. Against E. coli, both peptides are similarly
effective in the submicromolar range at mildly acidic pH
irrespective of the salinity. At neutral pH, however, Helix19-6
has an advantage of one or two dilution levels over
AMTC31-6. Against S. aureus, Helix19-6 achieves submicro-
molar MICs and MBCs at neutral pH and both salinities,
whereas AMTC31-6 exhibits drastically reduced activity at
high and low NaCl concentrations. At mildly acidic pH and
regardless of the NaCl concentration, i.e., conditions where S.
aureus is very resistant against AMPs, Helix19-6 reaches an
MIC and MBC of 10 uM, but AMTC31-6 is inactive in the
tested concentration range. The results with P. aeruginosa are
similar but less pronounced. AMTC31-6 is active at
concentrations of 10 yM against this bacterium under all
tested conditions except neutral pH and high salinity. Helix19-
6, in contrast, is active at low micromolar concentration at high
salinity (1.25—2.5 uM) but displays slightly higher MICs (5—
10 uM) under conditions with no added NaCl.
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Truncation of AMTC31-6 by elimination of its first five
residues resulting in AMTC26-4 led to a drastic loss of activity
under any tested condition. Apparently, the two positive
charges and two bulky hydrophobic residues are very
important for the activity of AMTC31-6.

Despite an identical net charge (+6) and a very similar
amino acid composition, the antibacterial activity of the de
novo-designed AMTC27-6 differs significantly from that of
AMTC31-6. While both peptides are similar in activity against
B. megaterium, AMTC27-6 is less active than AMTC31-6
against E. coli under most conditions but it is generally more
active against S. aureus and P. aeruginosa. Generally,
AMTC27-6 is more active at low rather than high salinity;
this effect is especially pronounced with E. coli and S. aureus.
Truncation of AMTC27-6 to AMTC24-5 led to a drastic loss
in activity under all tested conditions, suggesting that the
minimal hydrophobicity requirements for activity are not
reached.

3.2.2. Pore-Forming Activity. With their amphipathic a-
helix and highly positive net charge, the presented peptides
were designed to have a pore-forming mode of action against
negatively charged phospholipid membranes like those of
bacteria. Their membrane-permeabilizing effect was tested in a
liposome depolariziation assay using asolectin vesicles to
mimic cell membranes.***” Similar to bacterial membranes,
asolectin liposomes display negative charges on the outer
surface, and there is an electrostatic potential across their
membrane. Pore formation by added peptides dissipates the
transmembrane potential and releases a fluorescent dye from
the liposomes, resulting in a fluorescence increase (Figure SS).

In general, the antibacterial activity of the peptides assayed
in this study correlated well with their ability to dissipate the
transmembrane potential of the liposomes (Figure 3B).
Especially, the highly active bactericidal peptides AMTC31-6
and AMTC27-6 were shown to permeabilize the liposomes
effectively. Consistent with their low antimicrobial activity,
AMTC26-4 and AMTC24-S showed only little liposome-
permeabilizing activity, while TC-KKA showed no activity at
all. Surprisingly, Helix19-6 dissipated the transmembrane
potential of the liposomes slightly less than AMTC31-6 and
ATMC27-6, even though it has the highest antibacterial
activity.

3.2.3. Hemolysis. As membrane disruption is a likely mode
of action for the AMTCs, it is of particular interest to
determine whether they permeabilize mammalian cells as well.
Human erythrocytes are commonly used to represent host cells
in serial dilution assays,'**®*" and they were employed here.
The peptides TC-KKA, KR-12, AMTC26-4, and AMTC24-5
have no significant activity against erythrocytes at concen-
trations up to 80 uM (Figure 3A and Table S33). These
findings are not surprising as those peptides have very low
activity against bacteria at high salt concentrations as well.
Helix19-6, however, is highly hemolytic with significant
hemolysis starting at 2.5 yM. In comparison to Helix19-6,
the activity of AMTC31-6 and AMTC27-6 is drastically
reduced. Helix19-6 displays 3% hemolytic activity at 2.5 uM,
whereas this level of activity is only achieved at 40 yM by
AMTC31-6 and AMTC27-6 (Table $33). This comparison
reveals that the Trp-cage loop of AMTC31-6 reduces the
hemolytic activity up to 16-fold.

3.3. Enzymatic Degradation. Exposition of the peptides
to trypsin (at 37 and 25 °C) and chymotrypsin (at 25 °C) was
employed to assess whether and how the Trp-cage domain
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Figure 4. Quantitative digest of the parent peptide. The concentration of the parent peptide is plotted over the time. (A—G) The plots are an
average of three individual digests; exceptions are stated in the panel legend. The error bars represent the standard deviation. Plots of all the
individual digests can be found in Figures S13—S15. (H) All identified cleavage sites for trypsin and chymotrypsin are indicated in the sequence of
each peptide. Vertical lines indicate the cleavability of most scissile bonds (double vertical bar), frequently cleaved bonds (long single vertical bar),
and rarely cleaved bonds (short vertical line). Plots of the emergence of fragments over time are given in Figures S6—S12.

could increase the resistance against enzymatic proteolyis. The prevents TC-KKA from inserting into the active site of
peptides in this study comprise multiple cleavage sites for chymotrypsin.
trypsin (K-X and R-X) or chymotrypsin (W-X, Y-X, F-X, and In contrast to TC-KKA, KR-12 is cleaved very fast by trypsin

L-X) positioned throughout their peptide chains. Both (Figure 4B). The most scissile peptide bond of KR-12 for
sequencing-grade enzymes have a high purity and low trypsin is R6—I7 followed by R2—I3 (Figure 4H and Figure
propensity to autoproteolysis at the applied temperatures, S8A). Despite its conformational flexibility, KR-12 is rather

which guarantees all detected fragments to be AMP-derived. resistant against degradation by chymotrypsin (Figure 4B). Its
most susceptible residue F10 is N-terminally neighbored by a

D, presumably reducing its cleavability (Figure 4H and Figure
S8B).

The largely unstructured peptide Helix19-6 is highly
susceptible to cleavage by trypsin and chymotrypsin (Figure
4D). The most scissile peptide bonds for trypsin are R6—17,
R12—-K13, and K13—Y14, while the cleavability of the R2—I3
bond is somewhat lower (Figure 4H and Figure S6B).
Incidentally, the C terminus of Helix19-6 presents no cleavage
sites for trypsin but contains two highly susceptible bonds for
formation. cleavage by chymotrypsin (W17—L18 and Y14—A1S). The

TC-KKA was not cleaved by trypsin under the conditions of Q5—R6 and F10—L11 bonds are less scissile for chymotrypsin
the assay (Figure 4A). All residues K and R in TC-KKA are and are therefore cleaved later in the digest (Figure 4H and
directly neighbored by P or D (Figure 4H), which are both Figure S7B).
known to reduce the cleavability.48 Chymotrypsin dlmlmshed As the Trp.cage Ioop has no Cleavage sites for trypsin and
the concentration of TC-KKA by approximately only 15% after chymotrypsin, the potential cleavage sites of AMCT31-6 and
9 h (Figure 4A), even though Y3—A4 and W6—L7 should be Helix19-6 are identical (Figure 4H). Toward the N-terminus,
highly susceptible cleavage sites. Presumably, its stable fold AMTC31-6 is increasingly dynamic, providing limited

The enzymatic degradation assay was performed in a
temperature-controlled autosampler of an ultrahigh-perform-
ance liquid chromatography device coupled to a high-
resolution mass spectrometer. This setup allows one to record
the progress of the digest by serially analyzing samples from
the reaction mixture. In addition to quantitating the
degradation of the parent peptide, the method allows
identification of the cleavage sites and analysis of their
cleavability by comparing the relative rates of fragment
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structural protection against the trypsin digest. Therefore, the
cleavage site R6—17 is slightly affected by the stabilization,
while R2—1I3 is not affected at all. However, the peptide bonds
R12—-K13 and K13-Y14 of AMTC31-6 are significantly less
efficiently cleaved than in Helix19-6 (Figure 4H and Figure
S6). Consequently, AMTC31-6 is significantly more resistant
to enzymatic degradation than Helix19-6 (Figure 4). This is
quantifiable by comparing their average initial turnover
frequency k (Table 2), ie., the number of parent peptides

Table 2. Initial Turnover Frequencies k of the Peptides”

poride Ty @ TRREYTE) s
TC-KKA 0+0 n.d. 0.026 + 0.003
KR-12 9.00 + 2.53 S$.73 £ 0.74 0.045 + 0.005
AMTC31-6 3.48 £ 0.16 147 = 0.12 0.097 + 0.001
Helix19-6 8.64 + 0.66 5.61 + 0.57 0.843 + 0.338
AMTC26-4 0.89 + 0.01 0.41 + 0.01 0.085 + 0.002
AMTC27-6 5.99 + 1.00 227 + 0.17 2.228 + 0.225
AMTC24-5 247 + 0.17 1.19 = 0.27 0.320 + 0.011

“For each digest, the initial turnover frequency k is given. k is the
number of parent peptides that are cleaved by one enzyme molecule
per second at the beginning of the assay, i.e., when the cleavage of the
parent peptide is not perturbed by the presence of peptide fragments.
The digest using chymotrypsin was performed at 25 °C.

that are cleaved by one enzyme molecule per second at the
beginning of the assay. With regard to trypsin, AMTC31-6 is
digested slower by factors of 2.5 at 37 °C and 3.8 at 25 °C. The
resistance is increased at lower temperatures because the fold is
more rigid under these conditions. With chymotrypsin, the
resistance of AMTC31-6 against degradation increased even
8.7-fold compared to Helix19-6 because the main cleavage sites
W17-L18 and Y14—A1S are part of the Trp-cage domain, i.e.,
constrained in an a-helical conformation. The F10—L11 bond
is also less accessible for chymotrypsin than in Helix19-6. The
Q5—R6 bond appears not to be affected by the structuring
influence of the Trp-cage but is generally only slightly
susceptible to chymotrypsin cleavage (Figure 4H and Figure
S7).

Of the AMTCs, AMTC26-4 is the most resistant against
trypsin and chymotrypsin (Figure 4E). The most susceptible
cleavage sites for trypsin (R7—K8 and K8-Y9) are well
protected by the stable a-helical structure, and the peptide
bond R1-12 is only of low importance for the digest (Figure
4H and Figure S9A). Similarly, the most susceptible cleavage
sites for chymotrypsin (Y9—A10 and W12—L13; Figure 4H
and Figure S9B) are also in the well-folded a-helical region.
Additionally, there are no highly scissile cleavage sites in the
fraying N-terminal helix turn of AMTC26-4.

AMTC27-6 is highly susceptible to degradation by trypsin
and especially by chymotrypsin (Figure 4F). The main
cleavage sites for trypsin are R8—L9, R4—IS, and K7—R8
(Figure 4H and Figure S10A). The rate of chymotrypsin
digestion of AMTC27-6 exceeds the rates of all other parent
peptides cleaved by chymotrypsin in this study owing to the
highly scissile F6—K7 peptide bond, which is located in the
unstructured part of AMTC27-6. All other cleavage sites in
AMTC27-6 are hydrolyzed subsequently (Figure 4H and
Figure S11A).

In contrast to AMTC27-6, its truncated derivative
AMTC24-5 is more stable with regard to the trypsin and
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chymotrypsin digest (Figure 4). With trypsin, the most scissile
peptide bond is RS—L6, followed by K8—Q9 and K4—RS
(Figure 4H and Figure S10B). In the chymotrypsin digest, the
cleavage site Y7—K8 is the most susceptible followed by
WI10-L11 and F3—K4 (Figure 4H and Figure S11B).
Interestingly, cleavage at F3—K4 is not dominating the digest
like the corresponding bond F6—K7 in AMTC27-6.
Apparently, the remaining N-terminal region in AMTC24-5
is insufficient to facilitate an efficient cleavage of this bond by
chymotrypsin.

4. DISCUSSION

Several studies have investigated the protease resistance of
AMPs, mainly using SDS-PAGE>**~'"'* but also HPLC-
coupled”'>'* or stand-alone mass spectrometry.”’ Other
reports document the reduction of antimicrobial activity after
treatment of AMPs with proteases.””'" An analysis of cleavage
sites was performed in some of these studies,”” "> but the
digest assay used here provides unrivaled temporal resolution.
In addition, the unambiguous assignment of parent peptides
and fragments is achieved by considering their retention time
as well as multiple high-resolved MS peaks of different charge
states and adducts. In consequence, this method facilitates the
semiquantitative detection of all fragments that are larger than
one residue and the quantification of the parent peptide
leading to deeper insights into the progression of the digest.
Comparison with structural data finally provided direct
evidence on how Trp-cage-induced helicity affects the
resistance against proteolytic degradation.

The fusion of KR-12 and TC-KKA,_,, effectively induced
helicity in the KR-12-derived part of AMTC31-6 and thus
provided significant resistance against degradation by trypsin,
which is of pharmacological relevance as this enzyme is present
in human epithelial cells.*” Compared to the structurally
dynamic Helix19-6, AMTC31-6 is 2.5- to 8.7-fold more
resistant to proteolytic degradation, dependent on the
temperature and enzyme. In fact, a helical conformation
provides resistance to degradation by almost all proteases as
the vast majority of proteases bind and cleave peptides in a
stretched f-strand conformation only.>’

In addition to providing resistance to enzymatic proteolysis,
the Trp-cage domain in AMTC31-6 significantly increased the
antibacterial activity at high salinity compared to KR-12 while
keeping the hemolytic activity very low. In contrast to the
activity of AMTC31-6, the MIC of KR-12 is highly dependent
on the salinity of the medium, which may explain why previous
reports” ' are stating different MICs of KR-12 against E. coli
ranging from 4 uM* to 64 uM."" Efficient depolarization of
liposomes indicates a pore-forming mechanism of AMTC31-6.
The Trp-cage loop reduces the hemolytic activity and increases
the selectivity of AMTC31-6 compared to Helix19-6. With an
MIC of 10 uM, its moderate activity against P. aeruginosa is in
the range of other LL-37-derived, nonhemolytic peptides'”
that resist degradation by chymotrypsin, but not trypsin, by
virtue of incorporated p-amino acids and artificial residues.

AMTC27-6 shows the limitations of stabilizing an a-helix
with the Trp-cage: A high net charge density may be beneficial
for activity against Gram-negative bacteria but opposes the
formation of a stable a-helix. Thus, the presented approach
holds particular promise in the development of ®AMPs against
Gram-positive bacteria, as those require only low cationicity.”'
As the fusion of an AMP with a Trp-cage protein increases the
sequence length and thus the costs of production, truncated
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AMTCs were produced and included in all assays. Truncation
of AMTC31-6 and AMTC27-6 to AMTC26-4 and
AMTC24-S, respectively, resulted in drastic losses in activity,
showing that the N-terminal residues significantly contribute to
their antimicrobial activity. On the other hand, truncation
increased the resistance against enzymatic proteolysis. To
harness this advantage and produce shorter AMTCs, the losses
in activity have then to be compensated by further
optimization.

Despite these limitations, the presented strategy to stabilize
aAMPs has several advantages over established methods that
aim to reduce enzymatic proteolysis in peptides. Protected
termini, D-amino acids, or unnatural residues only protect
neighboring residues from enzymatic degradation. In contrast,
stabilizing peptides by introduction of a Trp-cage domain
provides protection for a larger stretch. For instance, the Trp-
cage domain is able to induce helicity in up to three to four
helical turns in AMTC31-6, effectively reducing the cleavability
in this region. While, in this study, the resistance of
AMTC31-6 against enzymatic proteolysis was solely mediated
by the Trp-cage to identify its potential in this regard, the
presented approach may of course be combined with protected
termini, artificial residues, nonpeptidic building blocks, or
peptide stapling. However, these modifications are only
accessible via chemical synthesis, while, by itself, the Trp-
cage-mediated stabilizing approach is also compatible with
biosynthetic methods because it relies only on the 20 standard
gene-encoded amino acids.

The Trp-cage-induced a-helix stabilization is not limited to
aAMPs but transferable to other peptides with a-helical
propensity. Similar to the pancreatic polypeptide grafting
approach,” > the Trp-cage may be used to stabilize protein-
or DNA-binding a-helices in peptide drugs. For instance, an
inhibitor of the E6 protein of human papillomavirus was
developed based on Trp-cage grafting.”” A different study
focused on stabilizing the Trp-cage fold in exendin-4 to reduce
aggregation and to increase helicity.”” Our study suggests that,
in addition to preorganizing an a-helical binding epitope, Trp-
cage grafting may also reduce enzymatic proteolysis. Moreover,
their composition of only natural amino acids renders Trp-
cage-based peptide drugs compatible with drug discovery tools
such as phage display libraries.”****%!

In conclusion, this study applies a universal approach to
stabilize peptides with a-helical propensity, exemplified by
aAMPs, against enzymatic degradation by fusing them to a
Trp-cage domain. Compared to KR-12, its derivative
AMTC31-6 demonstrated increased salt tolerance of its
antimicrobial activity combined with negligible hemolysis.
Moreover, a higher resistance against proteases paves the way
for an increased bioavailability. These features render the Trp-
cage-mediated stabilization approach a promising technique for
future peptide drug development.
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Photopharmacology is an emerging field of pharmacology seeking to understand the
biochemical and physiological effects of light-responsive molecules on living cells, tissues,
organs and organisms. In brief, photopharmacology aims to activate therapeutic compounds by
irradiation with light to reduce unwanted side effects. This may be achieved by activating the
compound at the target site in a non-invasive, non-toxic way. Thus, high concentrations of an
active, but potentially toxic compound are only generated where needed. The activation is
achieved by irradiation with light. When a photon of a certain wavelength is absorbed by a
molecule, it may provide the activation energy for a chemical reaction changing the properties
of the compound and in consequence modifying its therapeutic effect. A topic that has been
covered comprehensively is the cleavage of a photoremovable protecting group (PPG) to
irreversibly activate a therapeutic compound.”®! More recent developments in photo-
pharmacology focus on the investigation of molecular photoswitches. Photoswitches are small
molecules that undergo a reversible isomerization reaction to a metastable isomer upon
irradiation at a specific wavelength. The reaction back to the thermodynamically stable form
may be activated thermally or by irradiation with light of a different wavelength. A thermal
relaxation back to the inactive state may have the advantage that the compound relaxes
spontaneously to its deactivated state when it diffuses away from the site of activation. A
thorough analysis of the prospects and challenges of photopharmacology has been presented
in a perspective written by Ben L. Feringa and co-workers.[?®” |t should be noted that photo-
pharmacology is still in its infancy. As summarized by Dirk Trauner and colleagues, most in vivo
studies are analyzing the effects of photoswitchable compounds on cultured cells, while
applications in higher organisms such as rodents are still scarce.?!

4.1. Azobenzenes

Several compound classes may serve as the photoswitchable chromophore for photo-
pharmacological applications, but the most prominent photoswitches are azobenzene and its
derivatives.[?¥ 22 The next paragraph refers to the parent azobenzene (Figure 18, R and R? = H)
but the general principle also applies to its para-substituted derivatives.
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Figure 18: Isomerization of azobenzene derivatives.

Azobenzene exists in two isomeric states with profoundly different properties. The
thermodynamically stable form of azobenzene is its planar trans-state.[®? Because of its Czp
symmetry!?®3! the dipole moment is zero. Its aromaticity and planarity render it prone to mn-rt
stacking which also contributes to the high hydrophobicity of trans-azobenzene.?*? Cis-
azobenzene, in contrast, is not planar due to steric hindrance. The C-N=N-C dihedral angle of
cis-azobenzene is circa 7° and the aromatic rings are twisted out of the N=N-C plane by
approximately 54°.12%% 294 With a dipole moment of about 3 D, cis-azobenzene is more polar and
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has a higher solubility in water than its trans-isomer.[2°> 2 Probably the most important feature
of cis-azobenzene, however, is its significantly reduced end-to-end distance compared to trans-
azobenzene. The difference in length between both isomeric states is exploited in many
switching applications, as examples given below will show.

The isomerization reaction of azobenzene is a complex physico-chemical process.®? The
activation energy for the trans-to-cis isomerization is provided by a photon with a wavelength
of approximately 320 nm that lifts a it electron to an excited ni* state. In contrast, the cis-isomer
may be converted to the trans-state by irradiation into its m-n* band (Amax = 250 nm) or its n-it*
band (Amax = 450 nm).[%? However, the absorption bands are broad and the m-it* bands of the
cis- and trans-isomer are partially overlapping. Therefore, illumination commonly triggers the
photoisomerization in both directions, albeit with different conversion efficiencies. The resulting
dynamic equilibrium is termed photostationary state (PSS) and light of different wavelengths
may be used to shift the equilibrium towards one isomer or the other.!*? The thermal relaxation
back to the thermodynamically stable isomer proceeds usually with first-order kinetics and the
temperature-dependent half-life is frequently used as a measure of the thermal stability of the
metastable isomer.

Azobenzenes are common photoswitches in biological applications. This is not only because
of their synthetic accessibility, but also due to their well-balanced photochemical properties
(UV/Vis spectra, quantum yields, PSSs, half-life of the metastable state), which are tunable by
derivatization.[® 2°62%8 Azobenzenes typically show high conversion yields upon switching and
have a low susceptibility to photobleaching, i.e. they maintain their molecular integrity during
exposure to UV light. The necessity of using UV-light to elicit the trans-to-cis isomerization,
however, is a disadvantage in biological applications, as UV light is harmful to living cells. The
search for so-called “red-shifted” azobenzenes that are switchable with visible light is therefore
a topic of active research. Another advantage of red light is its much higher penetration depth
in blood supported tissues compared to other visible or UV light. A red-shift may be achieved by
incorporation of electron-donating groups in ortho- or para-position to the azo group or by
implementing a push-pull system. Unfortunately, both approaches often come at the costs of
drastic shortening of cis-to-trans isomerization half-lives precluding the application of those
photoswitches.?”! A different method to enable trans-to-cis isomerization with light of longer
wavelengths is the introduction of four methoxy groups in all ortho-positions with respect to the
azo moiety.?*! With such a substitution pattern (Figure 19), steric clashes prevent the trans-
isomer from adopting a planar geometry leading to an increase and red-shift of the n-n* band
of the trans-state. While in planar trans-azobenzenes the UV-absorbing t-rt* band is excited for
trans-to-cis isomerization, the twisted trans-azobenzene may be converted to its cis-isomer by
exciting the green-absorbing n-n* band with efficiencies of 70% trans-to-cis conversion in
water.[29
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Figure 19: Structural formular of trans-tetra-ortho-methoxy azobenzene. The trans-to-cis isomerization of tetra-
ortho-methoxy azobenzene can be triggered with green light.
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4.2. Azobenzene-mediated photocontrol of peptides

A subsection of photopharmacology deals with photoswitchable peptides as bioactive
compounds.'?®® In general, peptide drugs®°® may combine the advantages of small molecule
active agents and protein therapeutics. Like small molecules, peptides are synthetically
accessible and may have cell-penetrating properties. However, a peptide may be designed to
bind a protein with high affinity and specificity even at binding interfaces with shallow
topologies, which is a typical trait of larger proteins, but not small molecules. The biologic
activity of a peptide is often dependent on its three-dimensional structure. Therefore, it is a
common strategy to combine a peptide with a photoswitch in order to manipulate the peptide’s
structure by triggering the isomerization of the photoswitch upon irradiation with light. For
instance, the incorporation of an azobenzene moiety into a peptide’s backbone to achieve a
light-controlled function is applied frequently. Examples include a regulator of a guanylyl
cyclase®Y, a derivative of the pharmaceutical compound liraglutide®%, inhibitors of a
methyltransferase®®, and a cell-penetrating peptidel%¥. In these examples, isomerization of
the photoswitch elicits a change of the peptide’s backbone conformation, which affects its
function.

A different study reports the effect of an azobenzene photoswitch on B-sheet formation in a
syntrophin-binding peptide (SBP). The protein a-1-syntrophin plays a role in regulating the
oxygen supply in murine muscles. An azobenzene moiety was attached to the N- and C-terminus
of SBP effectively cyclizing it.?%! The cis-isomer of the resulting azo-SBP supported B-sheet
formation (Figure 20) and bound syntrophin with micromolar affinity effectively preventing
muscle contraction.3% 3%l |n contrast, the trans-form disrupted this secondary structure and
prevented binding of syntrophin.i3%>3%! Therefore, addition of trans-SBP to electrically

stimulated murine muscles fibers had no effect on their contraction.%¢
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Figure 20: Structural formula of cis-azo-SBP. Side chains are abbreviated by the one letter code of their corresponding
amino acid.
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An azobenzene moiety may not only be introduced into the backbone or via the termini, but
also via the peptide’s side chains. While the Sénnichsen group focused on the conjugation via
lysine residues,” > other groups mainly rely on cysteine chemistry. A common strategy is the
incorporation of an azobenzene via two attachments points positioned in para to the azo-moiety
to make use of the maximal change in end-to-end distance upon isomerization. With two
attachment points, the azobenzene moiety may be incorporated as an intermolecular®” or
intramolecular®%-313! cross-linker!308-3131,
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4.2.1. Photoswitchable a-helical peptides

The use of azobenzenes as an intramolecular cross-linker to achieve photocontrol over
a-helical peptides is particularly well explored. The strategy was invented by Janet R. Kumita,
Oliver S. Smart and G. Andrew Woolley, who designed a cysteine-reactive cross-linker based on
4,4’-diaminobenzene which is amidated with iodoacetamide at both sides (Figure 21).13%
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Figure 21: Woolley’s cysteine-reactive standard azobenzene cross-linker in its trans-configuration.[308]

Cross-linkers of this type are ideally connected to residues spaced one (i, i+4), two (i, i+7) or
three (i, i+11) helical turns apart (Figure 22). When incorporated with an i, i+75%! or j, j+41309
spacing, the cross-linker stabilizes the helix in its cis-state. Switching to the trans-state, however,
will increase the end-to-end distance of the azobenzene and it no longer supports a stably folded
a-helix. In contrast, when attached to residues j, i+11 the cross-linker’s trans-configuration does
indeed support a folded a-helix, but the end-to-end distance of the cis-state is too short and it
will prevent helix formation.3%

Figure 22: Strategies for cross-linker attachment in order to control helix content. The depiction shows three
fictional peptides. Cysteines located in the positions i, i+4 (left), i, i+7 (middle) or i, i+11 (right) are covalently attached
to Woolley’s azobenzene cross-linker. The helix is stabilized by the cis-cross-linker, when it is attached with the
spacing i, i+4 or i, i+7. Isomerization to the trans-state would destabilize the helix (not shown). However, when
attached with the spacing i, i+11, the trans-configuration of the cross-linker stabilizes the helix, while helix formation
is prevented in its cis-state (not shown).

Simple, non-functional peptides with helical propensity have served to demonstrate
switching of a peptide’s helicity as a proof of principle!3%® 309314 gnd to test an improved cross-
linker designed for applications under aqueous conditions®**!. This improved azobenzene
derivativel®*> 3%l js sulfonated in meta-position to the azo bond (Figure 23) to drastically increase
its solubility in water. Importantly, these modifications do not significantly affect its
photoswitching properties compared to the non-sulfonated azobenzene cross-linker.3!
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Figure 23: Woolley’s cysteine-reactive bis-sulfonated azobenzene cross-linker in its trans-configuration. 315
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a-Helices are common motifs in proteins and play an important role in many biological
processes, including interactions between peptides, proteins and nucleic acids. Both
azobenzene cross-linkers presented above may reversibly affect the helicity of peptides and thus
switch their function. Therefore, it is not surprising that both cross-linkers have been applied in
biological applications.

4.2.1.1. Photocontrol of peptide-protein interactions

A simple example for the interaction between an a-helical peptide and a protein is the
ribonuclease S complex comprising the short fragment S-peptide and the larger fragment
S-protein (Kg = 130 nm).B*! When bound to the S-protein, the S-peptide assumes an a-helical
conformation from residue A4 to residue H12.B3% To achieve photoswitchable complex
formation of RNase S, the S-peptide was cross-linked using Woolley’s bis-sulfonated azobenzene
with various spacings.?*®! The best results were achieved when the cross-linker was conjugated
to cysteines at position 6 and 10 (i, i+4 spacing).'®! The trans-state of the cross-linker did not
support an a-helical conformation of the peptide and significantly reduced its affinity for the
S-protein. Switching from the trans-state to the PSS at 370 nm (approximately 80% cis-isomer),
however, restored the helicity of the S-peptide and increased its affinity approximately 20-fold
reaching dissociation constants in the low micromolar range.3°!

Photoswitchable peptides with pharmacological relevance were presented by Sabine Kneissl|,
Rudolf K. Allemann and co-workers, when they published their results on apoptosis-regulating
peptides equipped with an azobenzene moiety.??? Erroneous regulation of apoptosis may
promote the growth of tumors, which is why the interactions of apoptosis-regulating proteins
including B-cell lymphoma 2 (Bcl-2) and its relatives have been the subject of intensive
research.F27324 |mportant members of the Bcl-2 family of proteins are the anti-apoptotic
proteins Bcl-232>3261 gand Bcl-x 32732 35 well as the pro-apoptotic protein Bcl-2 homologous
antagonist/killer (BAK)®3%-3321, Those proteins fold into the same globular structure and share
four regions of homology termed Bcl-2 homology (BH) domains. A hydrophobic groove on their
surface3?6-329 js able to recognize the a-helical BH3 domain of other Bcl-2 family proteins. For
instance, the 16-residue BH3 domain of BAK (BAK72.s7) mediates binding of BAK to Bcl-2132% or
Bcl-x.22% 333 without the assistance of other binding epitopes and is therefore ideal for the
introduction of an azobenzene cross-linker to investigate light-controlled apoptosis.

The pro-apoptotic peptide BAK;2.s7 was equipped with Woolley’s bis-sulfonated azobenzene
cross-linker with i, i+7 (BAK"*7) or i, i+11 (BAK" *11) spacing, respectively, in order to control their
affinity to Bcl-x, by irradiation with light. The active state of BAK"*!! i.e. in which the helix is
supported by the trans-cross-linker (Figure 24), bound Bcl-x, with a dissociation constant of
Ka = (21 + 1) nm.B32% Switching to cis-BAK” "' was achieved with an efficiency of 69% at 360 nm,
but it reduced the affinity only by a factor of approximately 2.3 (K= (48 + 10) nm).32% |n
contrast to active trans-BAK" ™1, active cis-BAK"™7 (K4 = (42 *+ 9) nm) had a slightly lower affinity
to Bcl-x.. The cis-state was obtained with an efficiency of 76% by irradiation at 360 nm.
Remarkably, relaxation to the less active trans-states lowered its affinity approximately by a
factor of 20 (Ka(trans-BAK"™*7) = (825 +157) nm),2®) making this peptide an efficient
photosensitive regulator of apoptosis.

Unfortunately, BAK"*7 is not able to cross the cytoplasmic membrane of cells. In order to
assess its apoptosis-inducing function in human lymphoma SU-DHL-4 cells they had to be treated
with the cytotoxic membrane-permeabilizing agent digitonin.®*¥ It was shown that 7.5 um of
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BAK" ™7 is relatively inactive in its dark-adapted trans-state, but irradiation at 360 nm produces
approximately 70% cis-BAK""™’ which significantly reduces the mitochondrial outer membrane
potential leading to cytochrome c release, which are two hallmarks of apoptosis initiation.*34

Figure 24: NMR-derived structure of trans-BAK" #11 (rainbow-colored ribbon, side chains colored by atom type) in
complex with Bcl-x, (purple). The depiction shows the complex from the side (left) and from the top (right). It was
created from PDB entry 21p8 (1/21).1333]

Membrane permeabilization is a very harsh way to enforce the internalization of peptides. A
natural way for a mammalian cell to internalize specific extracellular components is clathrin-
mediated endocytosis (CME). This process is initiated by a complex machinery of proteins driving
the formation of a shallow pit in the cell membrane.3¢! The adaptor protein 2 (AP2) complex is
forming on the intracellular side of the pit. Via its appendage domains, AP2 binds accessory
adaptor proteins that define which receptors are recruited to the pit.*** The B-appendage
domain of AP2 (also referred to as B-adaptin), for instance, may bind an a-helical section of the
accessory cargo adaptor B-arrestin.33”! B-arrestin in turn recruits the transferrin-binding
receptor (TfR), which binds the extracellular iron-transporting protein transferrin (Tf). In
addition to organizing the receptors, the AP2 complex recruits clathrin proteins to the cytosolic
side of the pit to promote further invagination and to stabilize the nascent vesicle.2** Finally,
scission and maturation to an endocytic vesicle complete the cargo uptake.3®

Laura Nevola from Ernest Giralt’s group, Andrés Martin-Quirds from Pau Gorostiza’s group
and co-workers reasoned that the a-helical B-arrestin-derived peptide (BAP) was a well-suited
template for the design of a photoswitchable inhibitor of CME-mediated uptake of Tf.33® They
created variants of BAP with cysteines in various positions for the introduction of Woolley’s bis-
sulfonated azobenzene cross-linker.1*3 339 Depending on the position and configuration of their
azobenzene moiety, the resulting photoswitchable inhibitors of CME aptly named traffic light
(TL) peptides were able to affect the uptake of Tf.33® The peptide TL-2 (Figure 25) was
cross-linked with i, i+7 spacing, so its trans-state prevented the formation of an a-helix.
Interestingly, the cis-azobenzene cross-linker did not directly induce folding of TL-2 into an
a-helix in solution, but it allowed the formation of an a-helix upon binding to B-adaptin
facilitating the B-adaptin-TL-2 complex formation.!33% After irradiation to the PSS at 380 nm, TL-2
displayed an inhibition constant regarding the B-adaptin-BAP complex of
Ki=19.0 + 0.3 um,B3% 339 showing that cis-TL-2 is a 12.6-fold more potent inhibitor than the dark-
adapted trans-state.[33% 33

The application of TL-2 in human cultured cells was facilitated by its ability to penetrate the
cytoplasmic membrane.?3® TL-2 was able to reach its target site, i.e. the cytoplasmic side of
clathrin-coated pits (CCPs), upon simple incubation of the cells in TL-2-containing medium
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(20 um). While its trans-state showed no signs of inhibition of Tf uptake in live Hela cells,
irradiation at 380 nm led to a reduction of Tf uptake by approximately 70%.133 Unfortunately,
no control experiments were pursued to exclude the effect of the UV radiation on cell viability
and CME. Nonetheless, the response of CME activity to light may (at least partially) be ascribed
to the photoisomerization of TL-2 by comparison with other TL peptides.

y/

Figure 25: Model of TL-2 (rainbow-colored ribbon, side chains colored by atom type) bound to B-adaptin (purple).
The structure was created based on the crystal structure of the B-adaptin-BAP complex!3371 (PDB entry 2iv8).

While the TL peptides are intrinsically cell-penetrating irrespective of their azobenzene
configuration, an a-helical peptide termed Ab-LK has been designed to have a photoswitchable
ability to traverse the cytoplasmic membrane of cells.**% Cell-penetrating peptides (CPPs) may
transport even large, hydrophilic molecules such as proteins across the cytoplasmic membrane
into the cytosol,l* where their cargo may exert a therapeutic function.B*! Therefore,
photoswitchable CPPs are an interesting subject of photopharmacology. The photoswitchable
CPP Ab-LK is a 16-residue amphipathic peptide mainly composed of leucines and lysines.
Photoswitchability was implemented by attaching Woolley’s standard azobenzene cross-linker
to cysteines with (i, i+4) spacing at the hydrophobic face of the peptide. When employed in an
assay to determine the cell-penetrating properties using Hela cells, irradiated Ab-LK (PSS at
357 nm, approximately 78% cis-AB-LK) was twice as potent as its dark-adapted trans-state.
Remarkably, the employed concentration was only 100 nm, which implies a high activity of Ab-LK
compared to other cell-penetrating peptides such as Tat.3*¥ CD spectroscopy indicated
cis-Ab-LK to be only slightly more a-helical than the dark-adapted trans-state. Nonetheless, the
change in azobenzene configuration and peptide conformation upon irradiation at 357 nm
sufficed to induce self-association of cis-Ab-LK. It was reversible by inducing the cis-to-trans
isomerization upon irradiation at 440 nm. While other azobenzene-cross-linked peptides have
been reported to aggregate because of the high hydrophobicity of the trans-azobenzene, 3427344
AB-LK self-associates only when the cross-linker assumes the more hydrophilic cis-state.34%
Presumably, the slightly higher helical propensity in the cis-state drives the aggregation as it
promotes the formation of a large hydrophobic face by the alignment of leucines in the a-helix.
Aggregation has previously been described to be a prerequisite for some peptides to traverse a
cytoplasmic membrane,®*! so it might play a role in the mode of action of Ab-LK as well.%"!
However, more studies are needed to identify the precise molecular mechanism. In light of its
high activity and low cytotoxicity,?*°! Ab-LK is an interesting subject for further development for
applications in photopharmacology.

4.2.1.2. Photocontrol of DNA-binding peptides

The a-helix is not only a common element of secondary structure in peptide-protein
interactions, but it is also an abundant DNA-binding motif of transcription factors. This is
because the diameter of an a-helix has just the right size to fit into the major groove of the DNA
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double helix. Two different photoswitchable DNA-binding peptides resulted from a
collaboration of Rudolf K. Allemann’s and G. Andrew Woolley’s group.3*%3%! |n both designs,
the bis-sulfonated azobenzene cross-linker was directly attached to the DNA-binding a-helix, at
the side of the a-helix opposite to the DNA-binding interface. Therefore, isomerization of the
cross-linker would directly affect the helicity of the DNA-binding helix and in consequence elicit
changes in affinity of the peptide-DNA complex. The peptide photoMyoDB*! (Figure 26) showed
largest changes in affinity to DNA upon cross-linker isomerization. The azobenzene was attached
to cysteines with i, i+7 spacing,’®*! i.e. the cis-state of the cross-linker supported a stably folded
a-helix, while the trans-state did not. Irradiation at 360 nm would result in a PSS of 61% cis-
configuration of the azobenzene-peptide conjugate. Despite not quantitative conversion to the
active cis-state, irradiation at 360 nm afforded a 60-fold increase in apparent affinity to specific
DNA.B43]

Figure 26: Model of homodimeric PhotoMyoD (rainbow-colored ribbon, cross-linker colored by atom type) in its
cis-state bound to DNA. The structure (shown from two different angles) is adapted from the crystal structure of a
complex comprising the homodimeric MyoD bHLH domain and a short double-stranded DNA (PDB entry 1mdy).[347]

A different approach to gain photocontrol over a peptide’s affinity to DNA makes use of the
fact that many natural DNA-binding domains are only active in a dimeric form. A prototypical
example of such a dimeric DNA-binding domain is the 56-residue basic region leucine zipper
(bZIP) of the yeast transcription factor GCN4 (a photoswitchable version the GCN4 bZIP is shown
in Figure 27).13%83% The bZIP domain comprises two subdomains, namely the N-terminal basic
region and the C-terminal leucine zipper. The leucine zipper region is responsible for
homodimerization of GCN4 by forming a parallel a-helical coiled coil.2*®! The basic region is rich
in Arg residues and only adopts a helical structure at low temperatures or upon DNA binding.
When bound to DNA, the bZIP dimer embraces the double-stranded DNA in the major
groove B 3503511 - The homodimeric bZIP domain achieves binding of specific DNA with
nanomolar affinity (Ks = 20 nMm, 23 °C, pH = 7.5).1352

Based on a pioneering study investigating switching of the dimerization state of a leucine
zipper,34? G. Andrew Woolley and colleagues developed a GCN4 bZIP-derived photoswitchable
DNA-binding peptide.®*3! While in previous approaches the photoswitchable cross-linker was
directly attached at the opposite side of the DNA-binding face of an a-helix®*3%! (cf. Figure 26),
photoswitchability of the bZIP-derived peptide termed AZO(i, i+7) GCN4-bZIP (Figure 27) was
achieved by controlling the peptide’s ability to homodimerize.B>¥ The bis-sulfonated
azobenzene cross-linker was incorporated into the leucine zipper region of the GCN4 bZIP
domain. Depending on the isomeric state, the cross-linker effectively allowed or prevented the
formation of the coiled coil and thus DNA binding. Remarkably, the isomerization had only little
effect on the overall helicity, but the slight structural changes induced by trans-azobenzene had
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nonetheless a strong impact on the dimerization. In the PSS at 370 nm (approximately 70% cis-
state), the affinity of AZO(i, i+7) GCN4-bZIP to specific DNA was approximately an order of
magnitude higher than in its dark-adapted state. It should be noted however, that the affinity of
wild-type GCN4-bZIP to target DNA is yet ten-fold higher than that of irradiated (PSS370nm)
AZO(i, i+7) GCN4-bZzIP.B%3! The trans-to-cis photoisomerization was reported to be completely
reversible by thermal relaxation at 37 °C within 1 h.B3>3

Figure 27: Model of cis-AZO(i, i+7) GCN4-bZIP (rainbow-colored ribbon, cross-linker colored by atom type) bound
to DNA. The structure is shown from two different angles. It is based on the crystal structure of GCN4-bZIP bound to
DNA (PDB entry 1ysa).

The concept of photoswitching DNA-binding peptides was subject to further investigations
by the Woolley group and was even applied in human cell cultures.>* In consequence, the focus
shifted from GCN4 found in yeasts to its mammalian homologues, i.e. the activator protein 1
(AP-1) family of transcription factors. Similar to GCN4, the dimerization and DNA-binding of AP-1
complexes is mediated by a bZIP domain.®**! A big difference to GCN4 complexes is, however,
that AP-1 complexes are not necessarily homodimeric, but may also be heterodimeric.?*! A
well-characterized AP-1 complex comprises a clun and a cFos monomer. To achieve
photoswitching of gene expression in human embryonic kidney 293T (HEK293T) cells, G. Andrew
Woolley and colleagues devised a new strategy to reversibly prevent the c-Fos-c-Jun-DNA
complex formation in vivo. They created a photoswitchable competitive inhibitor named
XAFosW of this complex.3>* AFosW is a cFos-derived peptide, in which the DNA-binding basic
region was replaced by an acidic region to increase the affinity to clun through electrostatic
interactions.?>* To introduce photoswitchability, the AFosW peptide was equipped with a bis-
sulfonated azobenzene cross-linker with i, i+7 spacing located in the middle of the leucine zipper
region.®¥ In its cis-state, the cross-linker supports a folded a-helix of XAFosW and thus allows
the formation of a coiled coil complex with c-Jun (Figure 28). The cis-XAFosW-cJun complex is
not able to bind DNA. Moreover, it is more stable than the cFos-cJun-DNA complex. Therefore,
the formation of the native AP-1 transcription factor is effectively inhibited by cis-XAFosW.
Thermal (tx =17 min at 37 °C) or light-induced (460 nm) isomerization to the trans-
configuration, however, interferes with the helical fold of the XAFosW leucine zipper region and
lowers the affinity of XAFosW to c-Jun.B>* As a result, monomeric clun is released, binds cFos
and thus induces transcription of genes bearing an AP-1 promoter. The photoswitchability of
gene expression was demonstrated in live HEK293T cells transfected with XAFosW.53>* Several
control experiments confirmed that cis-trans-isomerization of the cross-linker was solely
responsible for the activation or deactivation of genes bearing an AP-1 promoter. The concept
of developing an acidic region leucine zipper (aZlIP) to inhibit bZIP dimerization was also applied
in a subsequent study aiming to optimize the position of the cross-linker and the length of the
acidic region.3%
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Figure 28: Concept of the photoswitchable inhibitor XAFosW. In its trans-state XAFosW is and not able to bind cJun.
cJun forms a heterodimeric complex with cFos which is able to bind specific DNA and activate its transcription (left).
Irradiation at 365 nm results in the formation of cis-XAFoSW, which has a high affinity for cJun. Cis-XAFosW s
therefore inhibiting the formation of the cFos-cJun-DNA complex, by tightly binding cJun (right). This prevents the
DNA transcription.[354

Reprinted from Angewandte Chemie International Edition, volume 49, issue 23, Fuzhong Zhang, Katharina A. Timm,
Katja M. Arndt, Andrew G. Woolley, Photocontrol of coiled-coil proteins in living cells, pages 3943-3946, Copyright
2010, with permission from John Wiley & Sons, Inc.

4.2.1.3. Photocontrol of peptide-RNA interactions

While the well-structured right-handed double helix of DNA can be recognized even by short
peptides, RNA has a much greater conformational flexibility and is therefore very difficult to
target. An exception is RNA containing the Rev response element (RRE). It assumes a helical
structure that can be recognized by the protein Rev and by Rev-derived peptides.®3% 331 The
NMR-derived structure®®® of a short a-helical Rev-derived peptide in complex with RRE-
containing RNA served as the starting point for the design of a photoswitchable RNA-binding
peptide.?>”! The first designs used Woolley’s bis-sulfonated azobenzene, but had low or no
affinity for RRE-containing RNA. Apparently, the sulfonate groups’ caused steric clashes with the
RNA backbone and their negative charges were interfering with the charge-charge interactions
of the positively charged peptide with the negatively charged phosphates of RNA.B>”! In contrast,
peptides cross-linked with the non-sulfonated standard azobenzene cross-linker displayed much
higher affinities to RRE-containing RNA. With an affinity of K4 = (24 + 9) nm, the dark-adapted
peptide-cross-linker conjugate Rev'*!l-XL-H bound RRE-containing RNA with much higher
affinity than all other photoswitchable Rev-derived peptides from this study (Figure 29).5%”
Although irradiation at 363 nm produced a PSS of approximately only 50% cis-state, the
irradiated Rev” *11-XL-H had a three-fold reduced affinity to RRE-containing RNA when compared
to its dark-adapted state.’®*”

Figure 29: Model of Rev’ #11-XL-H (rainbow-colored ribbon, cross-linker colored by atom type) in complex with RRE-
containing RNA. This depiction is derived from the NMR structure of a peptide-RNA complex (PDB entry 1etf).356l
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4.3. Challenges of applying azobenzenes in /in vivo applications

A general problem of highly hydrophilic drugs like peptides is their inability to diffuse through
cell membranes. Cell-penetrating properties are required for active agents that are supposed to
act on intracellular targets. A hydrophobic photoswitch like azobenzene attached to a
hydrophilic peptide may even bestow it with membrane penetrating properties. While some
peptides amended with azobenzene moieties show cell-penetrating properties,% 338 others do
not!334 3% However, even those peptides that become internalized via endocytosis are not
necessarily able to escape the endosome and reach the cytosol. The TL peptides used to regulate
clathrin-mediated endocytosis by light, for instance, appear as puncta in images of cultured cells
obtained by confocal microscopy.?*® This may indicate that the majority of those peptides are
trapped in or associated to endosomes. However, it is irrefutable that at least a fraction of the
TL peptides does reach the cytosol, as they are inhibiting a complex formation at the cytosolic
site of the plasma membrane.33#

Even though there are a few cases in which the high hydrophobicity of azobenzene promotes
cell-penetrating properties, the hydrophobicity of azobenzenes is in many cases a major
disadvantage for applications in vivo, i.e. in aqueous environments./?®? Burial of the extended
and flat hydrophobic surface of trans-azobenzene is a strong driving force of aggregation or
precipitation, which has been encountered even in the context of peptides.!3*? 34 This problem
has been solved by equipping the azobenzene with sulfonate moieties.**> 3%l However, even
peptides cross-linked with the bis-sulfonated azobenzene have shown signs of aggregation
at high nanomolar concentrations.®**3! Moreover, sulfonates are known to form strong
ion pairs with guanidinium moiety of arginines, which may lead to unintended
interactions between the cross-linker and the peptide affecting the peptide’s fold.[3>7]
Despite a reported incidence of aggregation or an altered peptide fold associated with the
introduction of the bis-sulfonated azobenzene, the introduction of this cross-linker was
successful in the majority of applications.[31% 320,334, 338, 339, 343, 346, 353, 354] \Whjle bis-sulfonated
azobenzene is significantly less prone to aggregation than the standard azobenzene
cross-linker, it still requires UV light for switching from the trans- to the cis-isomer, which
harms cells by damaging their DNA. Therefore, special care should be taken to avoid long
exposure of cells to UV light.!*** This may require short irradiation pulses that do not suffice for
reaching the PSS with the result that the full potential of the photoswitchable cross-linker cannot
be exploited.®¥ Furthermore, the penetration depth of light in blood supported tissue is
extremely short, with the exception of red light. With the current azobenzenes, activating a
photoresponsive therapeutic agent at its target site would therefore require the use of minimal
invasive surgery by inserting an optical fiber through the surrounding tissue all the way to the
target site. However, this approach is impractical and the use of minimal invasive surgery
contradicts the original promise of photopharmaceuticals to require only a light source and a
drug for treatment. To really be applicable in vivo, the development of a photoswitch that is
responsive to red light with high conversion yields is absolutely desirable.

The search for red-sensitive photoswitches has long been started and azobenzenes that may
be switched with visible light have been produced. One example is the green-responsive tetra-
ortho-methoxy azobenzene. Unfortunately, its azo moiety is highly susceptible to reduction to
the corresponding hydrazine by glutathione (GSH).[?*®! The cytosol of mammalian cells typically
contains reduced GSH in concentrations of 0.5 mM to 10 mm.B>® The redox potential is in many
cases sufficient to reduce the azo group of many azobenzenes, especially under illuminated
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conditions with the cis-isomer as the predominant form.?> As the redox potential of
azobenzenes depends on their substitution pattern, the susceptibility to reduction by GSH
should be tested prior to in vivo experiments.[®3* 3% Additionally, the presence of GSH may!*°
or may not®* significantly shorten the half-life of thermal relaxation from the metastable cis-
isomer to the thermodynamically stable trans-state of an azobenzene.

An improved tetra-ortho-substituted azobenzene was developed by David Bléger, Stefan

5.8 Like the methoxy-substituted version, their tetra-ortho-fluoro

Hecht and colleague
azobenzene isomerizes from the stable trans-state to the metastable cis-state upon excitation
of the green-absorbing n-nt* transition and the reverse reaction is achieved with violet light.
However, unlike tetra-ortho-methoxy azobenzene the fluorinated azobenzene is not twisted but
planar, because the fluorine atoms are less sterically demanding than the methoxy groups. The
band separation of the n-t* bands of trans- and cis-tetra-ortho-fluoro azobenzene, which allows
switching with visible light, is a result of the electron withdrawing properties of the fluorine
atoms. The low electron density of the azobenzene is also the reason why tetra-ortho-fluoro
azobenze is not susceptible to reduction by GSH.13%2! A tetra-ortho-fluoro azobenze (Figure 30)
incorporated into the backbone of a protein-binding peptide achieved isomerization efficiencies
in water above 85% in both directions.*%?! Unfortunately, the contraction and expansion motion
of the azobenzene upon isomerization is partially compensated by the high flexibility of the 1,2-
diaminoethane moiety. Therefore, the high isomerization efficiencies did not lead to high
switching efficiencies of the peptide’s function.%? In conclusion, it remains a very difficult and
yet unsolved task to find a photoswitch that combines all the desired properties for individual
in vivo applications like high switching efficiencies, switchability with red light, resistance to GSH,
ideal thermal relaxation, large difference in length of the isomers and a low tendency to
aggregate.

NH N
/,
H N—/_ N’ OH

Figure 30: This tetra-ortho-fluoro azobenze can be incorporated into a peptide’s backbone.[362]

4.4, Diazocines

The design of new photoswitches is pursued by many research groups. In 2009, the groups
of Rainer Herges and Friedrich Temps reported the characterization of an azobenzene-related
photoswitch termed bridged azobenzene or diazocine (Figure 31).536!

violet light

N = S

green light
or
thermal relaxation

Figure 31: The cis-isomer (left) is the thermodynamically stable form of diazocine, while the trans-isomer (right) is
metastable. This inverted switchability (with respect to azobenzene) is a result of the constraints imposed by the
ethylene bridge.

Like other azobenzene-derived photoswitches, diazocine can be switched efficiently in both
directions between a cis- and a trans-isomer with high efficiencies using visible light. More
importantly, however, the diazocine is different from linear (i.e. non-bridged) azobenzenes
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because its cis-isomer is the thermodynamically stable state while the trans-state is meta-stable.
This inverted stability is a result of the ring strains evoked by the ethylene bridge.*%3! Switching
to its elongated trans-isomer is achieved with visible violet light (385 nm) with conversion yields
larger than 90% in unpolar organic solvents.%%3¢4 The reverse reaction is achieved
quantitatively upon irradiation with green light or through thermal relaxation (tx=3 h at
20 °C).13%3 Diazocine is superior to the parent unsubstituted azobenzene in many photochemical
aspects including separation of n-m* bands of both isomers, higher conversion efficiencies, and
higher quantum vyields.®3 Unfortunately, synthesis and derivatization of diazocine is more
complex, which is why it has not been applied in many biological applications yet.

Similar to the approaches cross-linking an a-helical peptide with an azobenzene, a peptide
was conjugated to a diazocine-based cross-linker to assess the photoswitchability of the
peptide’s a-helical secondary structure.®® The free cross-linker (i.e. not in conjugation with a
peptide, Figure 32) underwent cis-to-trans isomerization with an efficiency of 70% upon
irradiation to the PSS at 407 nm in the solvent dimethyl sulfoxide (DMSO0).B%! The slightly
reduced switching efficiency compared to the parent unsubstituted diazocine may be a result of
the derivatization or the different solvent.

TN

Figure 32: Woolley’s cysteine-reactive diazocine-derived cross-linker in its cis-configuration.[36]

The diazocine-based cross-linker was attached to the peptide via two cysteines with j, i+11
spacing. Because the thermodynamically stable cis-isomer does not support the formation of an
a-helix, the peptide displayed only nascent helicity in the dark-adapted state as indicated by CD
spectroscopy. In contrast, the CD spectrum of the peptide-cross-linker conjugate irradiated to
the PSS at 407 nm showed the typical characteristics of a well-defined a-helix.2®! While the
cis-cross-linker was inert to reduction by GSH in the dark, constant irradiation at 407 nm in the
presence of GSH resulted in the reduction of the azo-moiety to the corresponding hydrazine
derivative.B%!

A different diazocine (Figure 33) was incorporated into a peptide’s backbone to achieve
photoswitchable peptide-protein interactions.3®? When incorporated into the peptide,
however, irradiation to the PSS at 405 nm achieved only 16% cis-to-trans isomerization.%?
Apparently, the m-it* and the n-nt* band of the cis-isomer are largely overlapping with the m-rt*
band of the trans-isomer thus preventing high cis-to-trans conversion. It is unclear, however,
whether the derivatization or the aqueous environment is responsible for overlap of absorption
bands of the cis- and the trans-state.

N=N

o N
H,N HN\)J\OH

Figure 33: Diazocine for the incorporation into a peptide’s backbone.[3621

Studies on the application of other diazocine-derivatives in aqueous environments report
cis-to-trans conversion of 50%-60% trans-state.[%-3%8] At least in one instance, the compromised
performance compared to the parent diazocine has been attributed to the derivatization.®”!
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The diazocine-derivative CLOGO (Figure 34) designed by Dirk Trauner and co-workers is a
remarkable exception to the aforementioned diazocines because the m electrons of the
substituent are not conjugated the 1 electron system of the diazocine.B®! Therefore, the
diazocine’s electron density and photoswitching properties are hardly affected by the
substituent. As a result, the cis-to-trans isomerization yield of CLOGO upon irradiation of at
390 nm is above 80% trans-state in a 1:1 mixture of DMSO and phosphate-buffered saline and

increasing the DMSO content leads to even better switching efficiencies.2%

IBONP/ARN

//\\ H
/\
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Figure 34: Structural formula of the diazocine-derivative CLOGO.

With CLOGO, Dirk Trauner and colleagues demonstrated that a diazocine with an
unperturbed electron system may achieve nearly as high switching efficiencies in aqueous
environments as the parent diazocine in unpolar solvents. A diazocine-based cross-linker with
an unperturbed electron system like in CLOGO may therefore achieve visible-light-driven
photocontrol of an a-helix with very high efficiencies in both directions. In addition, the twisted
nature of the trans-diazocine potentially reduces m-m stacking and thus the tendency to
aggregate compared to the planar trans-azobenzene.

4.5. Switch cage: Publication

While photoswitching of helicity in a peptide has been achieved in numerous cases, obtaining
photocontrol over the tertiary structure of a small protein or protein domain is more difficult.
Woolley’s bis-sulfonated azobenze cross-linker has been incorporated into a FynSH3 domain to
allow photoswitching of its tertiary structure.?® The switching efficiencies that could be
achieved in the context of the protein were 85% cis-state (PSS at 365 nm) and approximately
100% trans-state. While the cis-cross-linker stabilized the fold to such an extent that 95% of the
FynSH3 domains were folded, only 40% of the population in the trans-state were properly
folded. The remaining 60% of the population in the trans-state were reported to be entirely
unfolded.®% Importantly, switching of the tertiary structure also modulated the peptide-
binding ability of the crosss-linked FynSH3 domain.31%

An azobenzene-derived cross-linker has also been conjugated to the restrictive endonuclease
scPvull to reversibly modulate its ability to cleave DNA.BY One or two azobenzene cross-linker
per enzyme were attached at different locations, i.e. at connecting loops or B-strands near the
active site or as a cross-linker within a-helices near the DNA-binding site. When the azobenzenes
were introduced near the active site of the enzyme, changing their isomerization state led to up
to 16-fold changes of the enzymatic activity.*** In contrast, introduction at the a-helices did not
lead to efficient photoswitchability of the enzyme activity.®'! Presumably, the a-helices were
too far from the core of the enzyme and switching their structure would not result in significant
changes of the overall fold, of the DNA-binding site or of the catalytic site.

Although switching of helicity did not substantially affect the enzymatic activity of scPvull, 3%
the fold of many proteins or protein domains relies on central, partially solvent-exposed
a-helices. Examples include the apoptosis-regulating Bcl-family of proteins®?® 32, the engrailed
homeodomain transcription factor®®37% the KIX domain of CBP7Y, the ribonuclease T157%,
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the villin headpiece subdomain®”! or the Trp-cagel*® *’. Their tertiary structure is characterized
by one or more a-helices that may be equipped with a photoswitchable cross-linker.
Hypothetically, isomerization of the cross-linker could then lead to disruption of the fold. Thus,
Woolley’s approach to switching single helices®® 3%! could not only be used to affect the
structure and function of isolated a-helical peptide, but also to affect the tertiary structure and
thus the function of proteins or protein domains. To test the hypothesis, this chapter reports
the design, synthesis and characterization of a Trp-cage miniprotein equipped with a diazocine
photoswitch. The diazocine cross-linker was synthesized by Widukind Moormann from Rainer
Herges’ research group. The substituents of this photoswitch are not affecting the m electron
system of the diazocine, which should result in high efficiencies of photoisomerization.

Visible-light-driven photocontrol of the Trp-cage protein fold by a diazocine cross-linker
Nils PreulRke, Widukind Moormann, Katrin Bamberg, Matthias Lipfert,
Rainer Herges and Frank D. S6nnichsen
Organic and Biomolecular Chemistry 2020, 18, 2650-2660
DOI: 10.1039/c90b02442e

T T T T T . T T T T T
10 9 8 7 6 5 4 3 2 1 ppm

Figure 35: Graphical Abstract. A specifically designed diazocine cross-linker affords complete conformational control
of a small, globular protein by the photoisomeric state.
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Diazocines are characterized by extraordinary photochemical properties rendering them of particular
interest for switching the conformation of biomolecules with visible light. Current developments afford
synthetic access to unprecedented diazocine derivatives promising particular opportunities in photocon-
trol of proteins and biological systems. In this work, the well-established approach of photocontrolling
the secondary structure of a-helices was exploited using a diazocine to reversibly fold and unfold the ter-
tiary structure of a small protein. The protein of choice was the globulary folded Trp-cage, a widely used
model system for the elucidation of protein folding pathways. A specifically designed, short and rigid
dicarboxy-functionalized diazocine-based cross-linker was attached to two solvent-exposed side chains
at the a-helix of the miniprotein through the use of a primary amine-selective active ester. This cross-
linking strategy is orthogonal to the common cysteine-based chemistry. The cross-linked Trp-cage was
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successfully photoisomerized and exhibited a strong correlation between protein fold and diazocine iso-
meric state. As determined by NMR spectroscopy, the cis-isomer stabilized the fold, while the trans-
isomer led to complete protein unfolding. The successful switching of the protein fold in principle

rsc.li/obc demonstrates the ability to control protein function, as the activity depends on their structural integrity.
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Introduction

Biological systems comprise a complex network of biochemical
interactions, e.g. signal transduction cascades, of very diverse
compounds including small molecules (second messengers,
metabolites), peptides (hormones), and proteins (enzymes,
receptors). The ability to control the biological activities of
peptides or proteins with high spatio-temporal resolution is a
powerful tool to elucidate the mechanisms, kinetics and
sequence of these biochemical pathways."™ Visible light is a
perfect trigger as it transfers a desired amount of energy with
the required spatial and temporal resolution, does not con-
taminate the sample, is non-toxic and has a high penetration
depth (except through blood-supported tissue). Consequently,
irradiation-induced configurational changes of incorporated
light-sensitive chromophores have been used to control the
three-dimensional structure of peptides and proteins."™

By far the most frequently used photoswitches are
azobenzenes.' ™ Upon irradiation, they undergo reversible iso-
merization between two states of significantly different geome-

Otto-Diels-Institute for Organic Chemistry, Christian-Albrechts-University of Kiel,
Otto-Hahn-Platz 4, 24118 Kiel, Germany. E-mail: rherges@oc.uni-kiel.de,
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tElectronic supplementary information (ESI) available: Additional experimental
procedures and spectroscopic data. See DOIL: 10.1039/c90b02442¢

2650 | Org. Biomol. Chem., 2020, 18, 2650-2660

tries (Fig. 1, top). The thermodynamically stable extended
trans-configuration can be converted to the shorter, bent cis-
isomer with high yields upon irradiation with ultraviolet (UV)
light. Due to its planarity, ¢trans-azobenzene exhibits a ten-
dency to aggregate when incorporated into peptides.>®
Additionally, it may influence condensation and melting of
DNA when equipped with positive charges.” Therefore, most
peptide or protein switching applications'®™"® make use of a
water  soluble sulfonic acid-substituted azobenzene.*
However, even this cross-linker may lead to aggregation when

hv,

kT or hv,

cis-azobenzene
(metastable)

trans-azobenzene
(stable)

cis-diazocine
(stable)

trans-diazocine
(metastable)

Fig. 1 cis—trans-lsomerization of azobenzene (top) and diazocine

(bottom).
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incorporated into a peptide’® or can unintendedly interfere
with the protein fold due to interactions of the sulfonic acid
moieties with guanidinium groups of arginine."®

Compared to azobenzenes, diazocines show a reversed
switchability (Fig. 1, bottom): the ethylene bridge stabilizes the
bent and bulky cis-configuration rendering it the thermo-
dynamically stable isomer.*'* trans-Diazocine is not planar,
but adopts a twist or chair conformation. It is therefore not
prone to n-n-stacking. Diazocines also display improved photo-
chemical properties in organic solvents when compared to
azobenzenes.”"?*> These include a better separation of absorp-
tion bands and exceptionally high quantum yields resulting in
higher switching efficiencies, i.e. better isomer ratios in the
photostationary states (PSS).>'**** Importantly, switching in
both directions can be achieved with visible light, which is
essential for applications in biological systems. Recent devel-
opments in the synthesis of diazocines now render them
almost as easily accessible as azobenzenes.”>>’

If carefully designed and attached to a protein, the relatively
subtle structural change of the molecular switch affects the fold
of the much larger biomacromolecule. Photocontrolling the bio-
logical function of a-helical peptides by reversibly allowing or pre-
venting formation of their secondary structure is already well-
established and has been applied to DNA recognition,'* ">
protein—protein interactions>*">*°*® or RNA binding."” These
examples make use of cross-linking the respective peptide using
an azobenzene moiety with both attachment points at the same
side of the a-helix. In contrast to azobenzene, a diazocine was
applied only once to achieve photocontrol over a simple o-helical
peptide in a study by Woolley et al.*®

The cis-configuration of an azobenzene or diazocine stabil-
izes the helical backbone conformation when the cross-linker
is connected to residues i, i + 4" or i, i + 77512719 while
switching to its trans-isomer prevents formation of the second-
ary structure. In contrast, connected to residues 7, i + 11 the
trans-cross-linker would stabilize the o-helical fold, which in
turn adapts a disordered state upon isomerization to the con-
tracted cis-state of the cross-linker.***28

Either of these approaches is useful to switch single, bio-
active helices. A question of greater interest is whether they
could be used to control the tertiary structure and thus func-
tion of cooperatively folded proteins. a-Helices are central and
essential elements of the fold, particularly in small globular
proteins or domains. Examples are the apoptosis-regulating
Bel-family of proteins,>*° the engrailed homeodomain tran-
scription factor,>'?? the KIX domain of CBP,** the ribonu-
clease T;,** the villin headpiece subdomain®® or the Trp-
cage.’®?” In these, a solvent-exposed a-helix is of particular
importance for establishing a network of tertiary contacts.
Reversibly preventing the formation of secondary structure in
these domains would be expected to result in their unfolding.
This will perturb the integrity of the entire protein or protein
complex which can be used as a tool to control their function.

The Trp-cage miniprotein®**” displays typical protein pro-
perties®® despite its length of only 20 residues. It comprises
three elements of secondary structure, ie. an N-terminal

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 The switchable Trp-cage (switch cage) was designed to exhibit a
stable fold in the dark or under irradiation with green light (530 nm)
when the diazocine cross-linker is present in its cis-configuration. Upon
irradiation with violet light (385 nm) the diazocine is converted to the
trans-isomer which prevents formation of the helix and in turn disrupts
the tertiary structure.

a-helix, a short 3;,-helix and a polyproline II (PPII) helix. The
eponymous encapsulation of a central tryptophan residue is
driven by hydrophobic interactions and additionally stabilized
by hydrogen bonds and a salt bridge. The highly stable and well
characterized mutant “TC10b’ exhibits characteristics of folding
cooperativity including reversible, sigmoidal thermal unfolding
curves with a Ty, above 55 °C.>” Because of its protein-typical
features yet small size the Trp-cage is a well-established model
system for the experimental®®*”*°™** and theoretical®”*%*~
elucidation of protein folding pathways with the aim to deduce
general mechanisms applicable to larger proteins.

In this work, the Trp-cage was chosen to evaluate the
hypothesis that folding of a surface-exposed a-helix reversibly
influences the complete tertiary structure of a protein. Here,
we describe the design, synthesis and characterization of a
Trp-cage miniprotein conjugated with a diazocine-based cross-
linker (Fig. 2). The cross-linker was conjugated with the
protein through the use of an active ester which constitutes an
adequate alternative to the common cysteine-based chemistry.
We set out to reversibly fold and unfold the Trp-cage through
visible-light-driven photocontrol of its a-helix. This approach
explores the application of diazocines in aqueous environ-
ments and their use in achieving photocontrol of proteins.

Results and discussion
The Trp-cage
Due to its small size, most residues in the Trp-cage signifi-
cantly contribute to the fold stability which limits the options
for attaching the cross-linker. Moreover, the short o-helix of
the Trp-cage only allows cross-linking to residues i, i + 4 or i, i
+ 7. Residues 4 and 8 (i, i + 4) of TC10b seemed most suitable
for conjugation because they are solvent exposed and contrib-
ute relatively little to the fold stability.”” Incidentally,
Markiewicz and co-workers came to the same conclusion when
investigating the folding dynamics of the Trp-cage using a
rigid, non-switchable cross-linker.*°

In our hands,” the use of primary-amine-selective active
esters in peptide conjugation reactions has proven superior to
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Scheme 1 Comparison of the primary amine-reactive cross-linker (1) presented in this work with the thiol-reactive cross-linker (3) by Woolley et al.
Curved arrows indicate rotational degrees of freedom of single bonds of the cross-linker incorporated into a peptide or protein (2 and 4). The
dashed arrow indicates reduced rotational freedom due to partial double bond character.

the wusually employed cysteine-based  cross-linking
chemistry."*?®%° In order to enable selective cross-linking,
residues Ala4 and Lys8 of TC10b were mutated to r-2,3-diami-
nopropionic acid (Dpr, )i and the N-terminus was acetylated
resulting in a Trp-cage named TC(4,8). Dpr was chosen over
lysine because it has a drastically reduced side chain length
and flexibility, which is necessary to efficiently couple the geo-
metric properties of the diazocine with the fold state of the
Trp-cage.

TC(4,8) was synthesized via Fmoc-based solid phase
peptide synthesis. It was confirmed to exhibit the Trp-cage
fold as evidenced by CD and two-dimensional (2D) "H-NMR
spectroscopy. However, with a Ty, of (31.6 + 2.7) °C the fold
stability of TC(4,8) was reduced compared to TC10b (~55 °C).
This destabilization can be ascribed to the repulsion between
the positively charged amines of Dpr4 and Dpr8. It leads to the
presence of unfolded by-forms of the Trp-cage (Fig. S57).

The cross-linking strategy

The diazocine-based cross-linker 1 (Scheme 1) was designed to
match the distance between the amino side chains of Dpr4
and Dpr8 (i, i + 4) of the folded Trp-cage. The chosen design is
based on an “unfolding-upon-extension/folding-upon-contrac-
tion” switching mechanism where the short, contracted cis-
diazocine supports the stable fold of the protein. Upon switch-
ing to the extended trans-state of cross-linker formation of the
Trp-cage fold is prevented (Fig. 2). This concept is in contrast
to the diazocine-based photoswitchable a-helix by Woolley and
co-workers, which relies on an 7, i + 11 approach (folding-
upon-extension/unfolding-upon-contraction).*®

When incorporated into the protein, advantages of cross-
linkage 2 over the cysteine-dependent diazocine cross-linkage
4 by Woolley and co-workers®® include reduced length and
flexibility (decreased number of rotable bonds) in the cis- as
well as in the trans-configuration (Scheme 1). Furthermore,
methylene groups in 2 serve as spacers between the diazocine
moiety and the amide groups. This should preserve the excel-
lent photochemical properties of the parent diazocine.>

{TUPAC did not define any one-letter code for the artificial amino acid 1-2,3-dia-
minopropionic acid. Therefore, in this work we assigned it the greek letter I'.
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In order to validate the proposed cross-linking strategy,
molecular dynamics (MD) simulations of the uncross-linked
TC(4,8) and of the hypothetical amidated diazocine 5 (cis-5
and trans-5) were performed (Fig. 3). The distance between the
cross-linker attachment points at TC(4,8), i.e. N' of Dpr4 and
N of Dpr8 was measured during the simulation. Similarly, the
cis- and trans-isomer of the amidated diazocine 5 were con-
structed in silico to assess the accessible N-N'-distance of the
cross-linker during the simulations.

The side chain amines (N') of TC(4,8) are always less than
9.8 A apart. With an accessible distance range of 9.8 A to
15.2 A trans-5 does not match this distance. On the other
hand, cis-5 displays a large variance in its N-N'-distance cover-
ing a range between 3.3 A and 13.1 A that largely overlaps with
the attachment point distances in TC(4,8). Finally, a model of
the peptide-cross-linker-conjugate (cis-SC,, Fig. 3) was con-
structed and its MD simulation resulted in a narrow distri-
bution of N'pp,~N'pprg-distances between 5.6 A and 7.0 A.

180+
160+

140+

120+

-—

100+

Cou

80+

60+
cis-5
40- .l

20+

3 4 5 6 7 8 9 10 11
Distance / A

12 13 14 15

Fig. 3 The histograms of the switchable Trp-cage ‘cis-SC,’ (open), the
uncross-linked Trp-cage ‘TC(4,8)" (red), as well as the diazocines cis-5
(gray) and trans-5 (blue) result from an MD simulation over a period of
100 ns for each displayed molecule. Each simulation resulted in 1000
structures from which the indicated N—-N'-distances were measured and
plotted with a bin-size of 0.1 A.

This journal is © The Royal Society of Chemistry 2020
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Thus, MD simulations indicated that the trans-cross-linker
would prevent a stable fold when conjugated with the Trp-cage
while the cis-diazocine supports a stable fold. Importantly,
both observations confirm the concept.

The linear five step synthesis of the cross-linker 1
(Scheme 2) was based on a previously published oxidative C-C
coupling and reductive azo cyclization.>>*¢ Initially, the car-
boxylic acid functional group of 3-nitro-4-methyl-phenylacetic
acid (6) was protected with an 4-methyl-2,6,7-trioxa-bicyclo
[2.2.2]octane-1-y]l (OBO) protecting group. This protection
according to Corey and Raju’® started with an esterification
with 3-methyl-3-oxetanemethanole (7) followed by a BF;-Et,O-
catalysed rearrangement yielding the desired orthoester 9.
Potassium butoxide was used as a non-nucleophilic base to
selectively deprotonate the toluene o protons of 9. By addition
of bromine as an oxidizing agent, the anions were converted
into radicals and C-C-bond formation led to the desired
dinitro dimer 10. In the ensuing reductive azo cyclization, 10
was reduced with Ba(OH),/Zn to a hydrazine intermediate and
subsequently oxidized with CuCl, and air. During work-up, the
orthoester was hydrolysed to the open ester 11, which was
cleaved with Cs,CO;. Without purification, the resulting free
carboxylic acid was converted with 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide
(NHS) into the active ester 1.

The PSS of diazocine 11 was determined at 385 nm in
MeOH or MeCN at 298 K (Fig. S23t). With 78% and 82% trans-
isomer, respectively, 11 largely retains the outstanding pro-
perties of the parent diazocine (87% trans-isomer®” at 385 nm
in MeCN). In addition to its use in bio- and organic chemistry
the dicarboxy-diazocine can therefore be applied as a
monomer of polyamides or polyesters in photo- and mechan-
oresponsive materials.

The folded cis-switch cage

Conjugation of TC(4,8) with cross-linker 1 was carried out in
high dilution in dimethylsulfoxide (DMSO) by means of a
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double syringe pump and resulted in the photo-switchable
Trp-cage that we designate ‘switch cage’ (SC; Fig. 2).
Dark-adapted cis-SC shows all characteristics of a stable
Trp-cage fold as evidenced by NMR chemical shift deviations
(CSDs; Table S4f), number and intensity of nuclear
Overhauser enhancement (NOE) cross-peaks and CD spec-
troscopy (Fig. 4). As expected, conjugation with the cis-diazo-
cine markedly increases the stability of the fold reaching a T;,
of (48.5 + 1.4) °C compared to TC(4,8) ((31.6 + 2.7) °C; Fig. 4a).
The Trp6 indole NH proton (H®!) is a particularly valuable
indicator for the existence of the hydrophobic cluster, as its
resonance frequency is not overlapping with other signals.
Most importantly, it lies in the centre of the fold and its
chemical shift deviation from the random coil chemical shift
(~10.2 ppm >"*?) correlates with the stability of the Trp-cage.
Interestingly, the indole region of the 'H-NMR spectrum
indicates two folded species of cis-SC (cis-SC,: 9.728 ppm,

£
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10 20 30 40 50 60 70 80 90 200 210 220 230 240 250
a) T/°C A/ nm
Fig. 4 (a) The mean residue molar ellipticity [0]MR at 222 nm of TC(4,8)

(red triangles) and cis-SC (black circles) is plotted over the temperature.
A sigmoidal Boltzman function was fitted to each plot to obtain the mid-
point of thermal unfolding (melting temperature, T,,,). Details regarding
the fitted function can be obtained from the ESI.{ (b) The CD spectrum
of cis-SC (black circles) displays two minima at 206 nm and 222 nm
indicative of an «-helix. TC(4,8) (red triangles) appears to have a lower
helical propensity as the minimum at 222 nm is less pronounced.
Compared to the spectrum of cis-SC, the spectrum of the switch cage
after having reached the PSS at 385 nm (blue squares) indicates signifi-
cantly reduced helical propensity.
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Scheme 2 Reaction conditions: (i) N,N’'-Dicyclohexylcarbodiimide (DCC), 4-dimethylaminopyridine (DMAP), dichloromethane (DCM); (ii) BF3-Et,0,
triethylamine (TEA), DCM; (iii) tBuOK, Br,, tetrahydrofuran (THF); (iv) 1. Zn, Ba(OH), H,O/EtOH; 2. CuCl,/O,, NaOH/MeOH; (v) 1. Cs,CO3, MeOH,
H,0O; 2. 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), N-hydroxysuccinimide (NHS), N,N’'-dimethylformamide (DMF).
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Fig.5 The 1D IH-NMR spectra of cis-SC in its dark adapted state (top)
and after having reached the PSS at 385 nm (bottom) are shown. In the
expansion of the spectrum at the top the two folded species cis-SC,
and cis-SCp, are indicated by the two singlets of the Trp6 H®! at
9.728 ppm and 9.757 ppm. The expansion of the important indole
region between 10.3 ppm and 9.5 ppm clearly shows the rise of an
unfolded species indicated by the intense singlet at 10.089 nm (bottom).

cis-SCyp: 9.757 ppm; Fig. 5, top). In fact, there is a second set of
resonances for the spin systems of many, but not all residues
and the diazocine moiety. NMR chemical shifts and NOE
cross-peaks confirm that the major (cis-SC,) and the minor
(cis-SCp) form both comprise the correctly folded protein and
differ only in the orientation of the cross-linker (Fig. 6). The
two diastereomers are the result of conjugating the prochiral
diazocine moiety with the chiral protein. The cis-cross-linker is
incorporated so that either its ethylene bridge (cis-SC,, Fig. 6,
left) or its azo-group (cis-SCy, Fig. 6, right) is oriented towards
residue Leu7. NOE spectroscopy (NOESY) indicates that the
ethylene bridge side of the diazocine is in close vicinity to
HP*P3 and H®"* of Leu7 in cis-SC,. Similarly, the orientation
of the cross-linker in cis-SCy, was also derived from the NOESY
data. Notably, cis-SC, is the main form with an approximately
3-fold higher population than its diastereomer cis-SCy,.

Switching from cis-SC to trans-SC

Irradiation with light at the wavelength of 385 nm produces a
photo stationary state (PSS) with approximately 46% trans-SC
and 54% cis-SC (Table S67). At first glance, this ratio appears
to be low for a diazocine, but few conversion ratios of diazo-

Fig. 6 The two different possible orientations of the cross-linker
produce the two diasteromers cis-SC, (left) and cis-SC, (right).
Structural models of the Trp-cage are shown in cartoon mode with the

Trp6 side chain in the center of the molecule. The side chain of Leu7 is
shown in grey in stick representation omitting hydrogens for clarity.
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cines in water have been published. For instance, Woolley and
colleagues®® provided information on the PSS of their diazo-
cine only in DMSO. In fact, the PSS of the switch cage com-
pares well with the few published PSSs of diazocine derivatives
in aqueous solution that range between 16% and 60% of trans-
isomer.>>® Although the conditions differ in pH, buffer and
DMSO content, it appears that the PSSs of ethylene bridged
diazocines§ in aqueous environment are generally lower than
the PSS of the parent diazocine*"** in organic solvents (>90%
trans-species in n-hexane). In addition to the solvent effect, in
cis-SC the folding free energy of the Trp-cage has to be over-
come in order to unfold the miniprotein upon cis — trans-iso-
merization which also may lower the PSS.

After irradiation with light at 385 nm, new resonances are
observed in the NMR spectra (Fig. 5) belonging to the trans-
species of the switch cage (trans-SC). It was not possible to
assign many atoms of ¢rans-SC, as their resonances overlap
with those of c¢is-SC, and cis-SCy,. Moreover, the unfolded
nature of trans-SC prohibits the assignment due to overlap of
intramolecular proton signals and resulting equivocal inter-
residual NOEs. Despite these difficulties it was possible to
determine the folding state of ¢trans-SC.

A first evidence, that trans-SC is unfolded and assumes a
random coil conformation is provided by the chemical shift of
its Trp6 indole NH proton (H®') at 10.089 ppm (Fig. 5,
bottom). This is very close to the random coil shift
(~10.2 ppm °"*?) indicating the absence of the hydrophobic
cluster of the folded state. Moreover, at 298 K the Trp6 H*' of
cis-SC, shows coupling through space to H"?, H”, HY and the
backbone HY of Argl6 as well as H* and H® of Pro18 and
H®% of Pro19 (Fig. 7). In contrast, the Trp6 H' of trans-SC
displays only one extremely weak NOE cross-peak (3.498 ppm).
Even at 278 K, a temperature that favours folding and which
enables long measurements due to slow trans — cis isomeriza-
tion, no further NOE cross-peaks are observable in the trans-
SC NOE spectrum.

In addition to NMR spectroscopy, CD spectroscopy also pro-
vides evidence that ¢rans-SC is completely unfolded. The mean
residue molar ellipticity [OMR] at 222 nm in the dark-adapted
state amounts to —12017° M~' m™, which is reduced to
—-6725° M~' m™" in the PSS at 385 nm (Fig. 4b). This corres-
ponds to a reduction by 44% which is in the same range as the
cis — trans-conversion ratio in the PSS indicating complete
unfolding of the a-helix and thus absence of secondary and
tertiary structure in ¢rans-SC.

The lack of a-helicity as evidenced by CD-spectroscopy, the
Trp6 H®' chemical shift and the disappearance of inter-
residual NOE cross-peaks upon switching to the trans-state
unambiguously demonstrate that the switch cage is entirely
unfolded in its ¢trans-state. Conversely, the switch cage is nearly

§ The recently developed N-bridged diazocines are a remarkable exception to
that rule because of their nitrogen-atom incorporated into the bridge. This
feature distinguishes them from ‘standard’ diazocines bearing an ethylene
bridge. The NAc-CH,-bridged diazocine shows cis — trans conversion rates of
78% trans-isomer in D,O : MeOH-d, (80 : 20) at 405 nm.>*

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 The *H,*H-NOESY of the switch cage after irradiation to the PSS
at 385 nm was recorded at 298 K. The expansion shows the indole
region of cis-SC, (F2: 9.728 ppm), cis-SCy, (F2: 9.757 ppm) and trans-SC
(F2: 10.089 ppm). The six inter-residual cross-peaks in the vertical direc-
tion of cis-SC, evidence a stable tertiary structure. The NOE signals
highlighted in the expansion are depicted in the model structure of cis-
SC.. In contrast to cis-SC,, only one unassigned cross-peak is observed
for the indole proton of trans-SC (F2: 10.098 ppm, F1: 3.485 ppm). The
NOEs between 7.0 ppm and 7.5 ppm are intra-residual cross-peaks with
the neighbouring aromatic protons. For cis-SCy, inter-residual NOEs are
not visible in this depiction due to low population.

quantitatively folded in the presence of the cis-linker. Thus,
the folding state of the protein is completely coupled to the
isomeric state of the cross-linker.

Switching from trans-SC to cis-SC

Irradiation with light at the wavelength of 530 nm provides
almost complete conversion to cis-SC (Fig. S167). Moreover,
the NMR-spectrum of cis-SC recorded immediately after
irradiation to its PSS at 530 nm is indistinguishable from that
of dark-adapted cis-SC.

The thermal trans — cis relaxation process of the switch
cage was observed by "H-NMR spectroscopy and quantified by
integration of selected peaks of the protein or the diazocine
moiety (Table S5 and Fig. S14, S15%) after irradiation to the
PSS at 385 nm. At 298 K in the dark, this process requires 39 h
after which trans-SC is not quantifiable anymore (Fig. S167). It
follows first order kinetics with a half-live of (6.2 + 0.3) h
(Table S61). Within the error of measurement, differences in
the determined relaxation rates for diazocine signals and
protein signals (Trp6 H®') are insignificant. Further, the relax-
ation of trans-SC to cis-SC, and to cis-SCp, is equally fast.
Together, this is an additional demonstration of the strict
coupling between the isomeric state of the diazocine and the
folding state of the Trp-cage.

This journal is © The Royal Society of Chemistry 2020
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Throughout the entire study, the same sample was used for
all spectroscopic measurements. In consequence, it was sub-
jected to multiple switching cycles without showing any sign
of photobleaching or other material fatigue. Furthermore,
aggregation was never observed, not even in the PSS at
385 nm, when approximately half of the population of the
switch cage was unfolded exposing the hydrophobic core and
the trans-diazocine to the solvent. This emphasizes the reversi-
bility of the switching process and the photochemical stability
of the switch cage.

The relationship between cis-SC, and cis-SCy,

Regardless of the wavelength or intensity of incident light
(day-light-adapted, dark-adapted, PSS at 385 nm, PSS at
530 nm), the two diastereomers cis-SC, and cis-SC}, have always
been observed in a ratio of 3:1. While often indicative of a
thermodynamic reaction control, the apparently constant ratio
of cis-SC, to cis-SCp in photoreactions appears surprising at
first. The parent cis-diazocine 1 is prochiral and converts upon
radiation at 385 nm equally fast into two enantiomeric trans-
forms, that are believed to comprise an equilibrium of twist-
and chair-conformations.”” These forms convert back to cis-
diazocine equally well.

In the chiral context of the protein, however, irradiation
results in  multiple possible cis-trans-isomerizations
(Scheme S1t) between diastereomeric states. Unhindered inter-
conversion would lead to the expectation of a 1:1 product
ratio of cis-SC, and cis-SCy,. The observed uneven cis-SC,/cis-
SCy, ratio thus suggest that the conversion rates between the
states differ between diastereomers implying a form of chiral
induction by the protein moiety.

Although it is possible that the conversion from either
trans-diastereomer occurs faster to the cis-SC, diastereomer, a
chiral induction in the trans-state appears unlikely since the
protein moiety is unfolded and should have very limited influ-
ence on the conversion kinetics. In the cis-states, however, the
environment of the chromophore differs significantly for
example with closer protein-diazocine contacts in cis-SC,.
These structural differences might slow the photoconversion
of cis-SC, sterically or energetically whereas cis-SC;, more
rapidly isomerizes to either trans-isomer. Accordingly, this
chiral induction could lead to the observed bias in the photo-
stationary states.

Conclusions

The present study aimed to reversibly fold and unfold the Trp-
cage upon irradiation with visible light of different wave-
lengths. Since the elongation of the diazocine during cis —
trans-isomerization induces unfolding, the switching approach
presented in this work is described as “unfolding-upon-exten-
sion/folding-upon-contraction”. This goal achieved
through the conjugation of an N-terminally acetylated Trp-cage
mutant ‘TC(4,8) bearing 1-2,3-diaminopropionic acid (Dpr, I'){
in positions 4 and 8. A diazocine-based, primary amine-selec-

was
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tive cross-linker (1) was designed to match the distance
between the NY of both Dpr-residues in its cis-state. Upon
cross-linking, the fold of the resulting photoswitchable Tpr-
cage (switch cage, SC) is stabilized significantly compared to
the uncross-linked peptide. Irradiation with light of the wave-
length 385 nm produces a PSS of approximately 46% trans-SC.
This isomerization is completely reversed upon irradiation
with light at 530 nm or through thermal relaxation. Most
importantly, in the trans-state, secondary and tertiary structur-
ing is completely abolished. As predicted, pulling apart only
one helical turn between residues 4 and 8 destroys the entire
helical structure and in consequence unfolds the hydrophobic
cluster.

With these features, the switch cage may serve as a valuable
tool for the analysis of the Trp-cage folding pathway adding
visible light as an alternative trigger to the previously used
T-jump®®*! in IR or fluorescence spectroscopy. The reversibil-
ity of the switching process enables multiple switching cycles
and thus facilitates multiple and repeated observations of
folding and unfolding kinetics.

In this study, a dicarboxy-functionalized diazocine was fur-
bished with selective reactivity towards primary amines by
introduction of NHS-active ester moieties. This cross-linking
strategy adds a valuable alternative to current methods to con-
jugate the chromophore with the protein. The NHS-ester cross-
linking chemistry is orthogonal to the common cysteine-based
chemistry.>® When incorporated into the protein (cf.
Scheme 1), the presented diazocine cross-linker is shorter and
more rigid than the chloroacetamide-functionalized
diazocine.?®

The active ester cross-linking strategy is especially interest-
ing for synthetic peptides and proteins, as next to lysine
several amino group-bearing homologues exist that can be
used to tailor length and flexibility of the cyclized product.
Particularly short and rigid cross-linkages are obtained when
the shortest lysine-homologue Dpr is utilized. The cross-linker
1 may also be incorporated via naturally occurring lysine resi-
dues or a free N-terminus, but this would limit its application
to “folding-upon-extension/unfolding-upon-contraction”-
approaches due to the high flexibility of the lysine side chains.

In conclusion, we were able to reversibly fold and unfold
the secondary and tertiary structure of the Trp-cage minipro-
tein upon irradiation with visible light. Most importantly the
present study shows that it is generally possible to reversibly
fold and unfold a single, solvent-exposed o-helix in a small,
but stable protein resulting in photocontrol of the entire fold.
This strengthens our beliefs that this approach is applicable to
larger proteins or protein domains.

Experimental
Trp-cage synthesis

TC(4,8) (Ac-DAYI'QWLI'DGGPSSGRPPPS)} was synthesized
using Fmoc-based solid phase peptide synthesis with a micro-
wave-assisted, semi-automated peptide synthesizer Initiator
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SP Wave (Biotage, Uppsala, Sweden) on Wang-resin
(200-400 mesh, 0.86 mmol g~'; 200 mg, 1 eq.; ChemPep,
Wellington, FL, USA) at a 0.172 mmol scale. To avoid asparti-
mide formation during synthesis the dipeptide Fmoc-Asp
(OtBu)-(DMB)Gly-OH  (Novabiochem, Merck, Darmstadt,
Germany) was used. Moreover, the two consecutive serines
were coupled as the pseudo-proline dipeptide Fmoc-Ser(tBu)-
Ser(psiMe,Mepro)-OH (Novabiochem, Merck, Darmstadt,
Germany). In general, the peptide was synthesised using
repetitive cycles of coupling, capping (i.e. acetylating unreacted
peptide chains) and deprotection. Each coupling, capping or
deprotection step was followed by draining the liquid and
washing the resin with N,N-dimethylformamide (DMF; 2 ml)
four times. Coupling of amino acids was achieved using the
corresponding amino acid (860 umol, 5 eq.), hexafluoro-
phosphate azabenzotriazole tetramethyl uronium (HATU;
320 mg, 843 pmol 4.9 eq.) and N,N-diisopropylethylamine
(DIPEA; 300 pl, 1.72 mmol, 10 eq.) dissolved in DMF (2 ml).
The reaction solution was heated to 75 °C and vortexed at 600
rpm for 5 min. The coupling step was performed twice (double
coupling) for the following amino acids: Fmoc-Ser(tBu)-OH,
Fmoc-Arg(Pbf)-OH, Fmoc-Gly-OH, Fmoc-Dpr(Boc)-OH, Fmoc-
GIn(Trt)-OH and Fmoc-Ala-OH. (Double) coupling was followed
by a capping step using a solution (2 ml) of pyridine (25% v/v),
and acetic anhydride (25% v/v) in DMF at 75 °C at 600 rpm for
5 min. Removal of the Fmoc-group was achieved in three con-
secutive steps (1 min, 4 min, 4 min). Each step used a solution
(2 ml) of piperidine (25% v/v) in DMF at 75 °C at 600 rpm
which was drained afterwards. After the final deprotection, the
peptide was N-terminally acetylated using the capping reagents
and conditions. The peptide was cleaved off the resin using a
mixture of trifluoroacetic acid (TFA; 90% v/v), m-dimethoxy-
benzene (DMB; 5% v/v), triisopropylsilane (TIPS; 2.5% v/v) and
water (2.5% v/v). The cleavage reaction was completed after
gently agitating it for 3 h at room temperature. The peptide
was precipitated using cold diethyl ether and centrifuged. The
supernatant was decanted. The pellet was dissolved in water
and lyophilized.

Trp-cage purification

The peptide was purified in four batches by high performance
liquid chromatography (HPLC) on a VWR-Hitachi LaChrom
Elite instrument (VWR, Darmstadt, Germany) equipped with a
semi-preparative PLRP-S column (325 mm x 30 mm, 30 nm
pore diameter, 8 um particle size; Agilent, Santa Clara, CA,
USA), a VWR-Hitachi L2400 UV detector (VWR, Darmstadt,
Germany) and a Foxy R1 fraction collector (Teledyne ISCO,
Lincoln, NE, USA). A flow rate of 6 mL min™" and the following
gradient (solvent A: water, 0.1% formic acid (FA), solvent B:
acetonitrile, 0.1% FA) was applied: 0 min: 5% B, 5 min: 5% B,
25 min: 15% B, 55 min: 25% B, 65 min: 95% B, 75 min: 95% B,
80 min: 5% B, 90 min: 5% B. Fractions of 3 ml were collected
between 45 min and 75 min. TC(4,8) eluted after retention time
of tg = 55.5 min. A dead time of 20 min was observed.

Collected fractions were analysed by HPLC-mass spec-
trometry (HPLC-MS) using the same VWR-Hitachi LaChrom
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Elite instrument (VWR, Darmstadt, Germany) equipped with a
717 plus autosampler (Waters, Milford, MA, USA), an analytical
PLRP-S column (150 mm x 4.6 mm, 30 nm pore diameter,
8 um particle size; Agilent, Santa Clara, CA, USA), a
VWR-Hitachi L2400 UV detector (VWR, Darmstadt, Germany)
and an expressionL cms MS device (Advion, Harlow, UK). A
flow rate of 1 mL min~" and the following gradient (solvent A:
water, 0.1% FA, solvent B: acetonitrile, 0.1% FA) was applied:
0.0 min: 5% B, 2.5 min: 5% B, 12.5 min: 60% B, 13.5 min:
95% B, 16.0 min: 95% B, 17.0 min: 5% B, 18.5 min: 5% B. A
dead time of 2.0 min was observed. TC(4,8) eluted after reten-
tion time of ¢tz = 9.8 min. Fractions deemed sufficiently pure
were combined and lyophilized. The peptide was obtained as a
white fluffy solid (17.8 mg, 8.65 pmol, 5%).

Cross-linker synthesis and purification

Details regarding the cross-linker synthesis, purification and
characterization can be found in the ESLf}

Cross-linking reaction and purification

DIPEA (33 pL, 190 pmol, 100 eq.) and DMSO (1.5 ml) were
added to a 50 ml polypropylene (PP) centrifuge tube equipped
with a magnetic stir bar. A solution of TC(4,8) (4.0 mg,
1.9 umol, 1 eq.) in DMSO (1.5 mL) supplemented with DIPEA
(33 pL, 190 pmol, 100 eq.) was transferred into a 2 mL syringe.
A second 2 ml syringe was filled with a solution of the NHS-
functionalized cross-linker 1 (1 mg, 2.1 pmol, 1.1 eq.) in
DMSO (1.81 ml). The two reactants were slowly added to the
centrifuge tube, each at a speed of 2 ul min™" under continu-
ous stirring at room temperature. After complete addition, the
reaction was stirred for 2 d. Subsequently, the solution was
flash-frozen with liquid nitrogen and lyophilized. The crude
product was dissolved in 2.5 ml of water by briefly sonicating
it in the centrifuge tube using an ultrasonic bath. The switch
cage was purified in ten small batches via HPLC using the
VWR-Hitachi LaChrom Elite instrument (VWR, Darmstadt,
Germany) equipped with a 717 plus autosampler (Waters,
Milford, MA, USA), an analytical PLRP-S column (150 mm x
4.6 mm, 30 nm pore diameter, 8 um particle size; Agilent,
Santa Clara, CA, USA), a VWR-Hitachi L2400 UV detector
(VWR, Darmstadt, Germany) and a Foxy R1 fraction collector
(Teledyne ISCO, Lincoln, NE, USA). A flow rate of 1 mL min™"
and the following gradient (solvent A: water, 0.1% FA, solvent
B: acetonitrile, 0.1% FA) was applied: 0.0 min: 5% B, 2.5 min:
5% B, 10 min: 27% B, 20 min: 29% B, 25 min: 95%B, 29 min:
95% B, 31 min: 5% B, 35 min: 5% B. The switch cage eluted
after a retention time of ¢tz = 18.2 min. A dead time of 2.0 min
was observed. Fractions of the ten different batches with iden-
tical retention times were collected into the same containers.
Fractions were analysed using the same HPLC-MS set-up as
described in the chapter Trp-cage purification. The switch
cage eluted after a retention time of ¢z = 12.0 min. Fractions
deemed sufficiently pure were combined and lyophilized
which afforded the switch cage as a yellowish solid (0.8 mg,
330 nmol, 17%).
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Ultrahigh performance liquid chromatography - high
resolution mass spectrometry

TC(4,8) and the switch cage analysed by ultrahigh performance
liquid chromatography - high resolution mass spectrometry
(UHPLC-HRMS) using an Ultimate 3000 RS instrument
coupled to a QExactive Plus Hybrid Quadrupol-Orbitrap MS
device (both Thermo Fisher Scientific, Waltham, MA, USA). A
Zorbax RRHD Eclipse Plus C18 column with a length of
100 mm and a diameter of 3 mm (Agilent, Santa Clara, CA,
USA) was used. The MS was set to detect positive ions and the
resolution was set to FWHM = 70 000 at m/z = 200. The Full MS
method was applied covering an m/z range between 200 and
3000. A flow rate of 0.4 mL min~" and the following gradient
(solvent A: water, 0.1% FA, solvent B: acetonitrile, 0.1% FA)
was applied: 0.0 min: 5% B, 1.0 min: 5% B, 9.0 min: 80% B,
9.5 min: 95% B, 11.0 min: 95% B, 11.5 min: 5% B, 13.2 min:
5% B. A dead time of 1.23 min was observed. The TC(4,8)
eluted after retention time of ¢z = 4.92 min. Chromatograms
and the corresponding mass spectra of TC(4,8) can be found
in the ESI (Fig. S1-S3t). The switch cage eluted after retention
time of tz = 6.19 min. Chromatograms and the corresponding
mass spectra of the switch cage can be found in the ESI
(Fig. S5-S81).

Molecular modelling and molecular dynamics simulations

All  computational studies were performed using the
Schrodinger Suite Release 2017-4 (Schrodinger LLC, New York,
NY, USA). The amidated cross-linkers cis-5 and trans-5 were
built in silico using Maestro (Schrédinger LLC, New York, NY,
USA). The structures were geometrically relaxed using
MacroModel (Schrodinger LLC, New York, NY, USA) by apply-
ing the OPLS3 force field with implicit water. Charges were
compensated by the addition of Na* or CI™. To avoid isomeri-
zation during conformational energy minimization, con-
straints were applied to the CNNC torsion angle (cis-5: 0°,
force constant (FC) = 200 kJ mol™" A™%; trans-5: 147°, FC =
300 kJ mol™ A™?) and to the NNC bond angles (cis-5: 121°,
FC = 200 kJ mol™" A™%; trans-5: 112°, FC = 200 kJ mol™" A7?),

The model of TC(4,8) was built from the first structure of
the NMR-derived structure ensemble of TC10b (RCSB PDB
accession code 2JOF) using Maestro. Energy minimization was
achieved in the same way as for cis-5 and trans-5, but without
any constraints.

The model of cis-SC was built from the relaxed model of TC
(4,8). The relaxed cis-5 cross-linker was incorporated into the
peptide using Maestro resulting in the diastereomer cis-SC,.
Relaxation was achieved in the same way as for cis-5 applying
the same constraints to the cross-linker.

MD simulations were performed using the Desmond
Molecular Dynamics System (D. E. Shaw Research, New York,
NY, USA) and set up with the Maestro-Desmond
Interoperability Tools (Schrodinger LLC, New York, NY, USA).
The molecule was submerged in an orthorhombic box of expli-
cit water complying with the SPC water model using the OPLS3
force field. The size of the box was adjusted to a minimal
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volume with at least 10 A distance between the molecule and
each side of the box. The temperature was set to 300 K and the
pressure was set to 1.01325 bar. MD simulations covered a
period of 100 ns with recording intervals of 100 ps (trajectory)
and 1.2 ps (energy). The starting geometry of each molecule
was the result of the previous minimization using
MacroModel. In order to avoid isomerization of the cross-
linkers during MD simulations, the central eight-membered
ring of the cross-linker was restrained to its starting geometry
with a FC of 300 k] mol™* A™2. Distances between atoms were
measured and exported using the simulation event analysis
panel of the Schrodinger Suite. The structures created with the
Schrédinger Suite were exported as PDB files to create the
molecule depictions for the figures using the PyMOL
Molecular Graphics System Version 1.9.0.0. (Schrodinger LLC,
New York, NY, USA).

CD spectroscopy

CD spectra were recorded on a Jasco J-720 spectropolarimeter
(Jasco, Pfungstadt, Germany) equipped with a Haake WKL 26
thermostat (Thermo Electron Corporation, now Thermo Fisher
Scientific, Waltham, MA, USA) and a Jasco PTC-423S peltier
element (Jasco, Pfungstadt, Germany). For all measurements
the same Quartz glass cuvette with an optical path length of
1.00 mm was used. All spectra were obtained in water at con-
centrations of 36 puM. The pH was adjusted to 5.4 + 0.2 using
0.1 M solutions of NaOH and/or HCI. The concentration of TC
(4,8) was determined by the UV absorption of Tyr and Trp
according to Gill and von Hippel.>® This method was not appli-
cable to the switch cage because of the unknown extinction
coefficient of the diazocine in water. Therefore, the concen-
tration of the switch cage was determined by recording a
1D-"H-NMR spectrum of the sample with a known amount of
DSS and correlating the integrals of the DSS signal and the
Leu78-methyl groups of cis-SC, and cis-SC,, which do not
exchange and are not overlapping with other signals.

Full spectra are averaged over six measurements and were
recorded at 25 °C. In order to obtain the spectra of the switch
cage in its PSS, the sample was irradiated at 385 nm for 10 s
prior to each of the six measurements.

Thermal unfolding and folding was observed between 5 °C
and 90 °C at a wavelength of 222 nm. A heating and cooling
rate of 1 °C min~" was applied. Before starting the temperature
gradient, the sample was equilibrated for 5 min at the starting
temperature. Two consecutive heating and cooling cycles were
averaged for each spectrum. This repetition indicated full
reversibility of thermal unfolding and folding of c¢is-SC and TC
(4,8). For determination of the melting point the spectra were
fitted with a sigmoidal Boltzmann fit. The fitting results are
given in the ESL.}

NMR spectroscopy

The NMR spectra of TC(4,8) and of the switch cage were
obtained on a AV III 600 Fourier transform-NMR spectrometer
(Bruker, Billerica, MA, USA) at frequencies of 600.1 MHz for
"H-nuclei. The spectrometer was equipped with a triple reso-
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nance cryo probe. All samples were dissolved in a solution of
90% H,O and 10% D,0. 4,4-Dimethyl-4-silapentane-1-sulfonic
acid (DSS) served as the internal standard for referencing.
Water suppression was achieved by excitation sculpting®
using standard bruker pulse sequences.

Chemical shifts were assigned using 2D-NMR techniques
including "H,"H-correlated spectroscopy (COSY), 'H,'H-total
correlation  spectroscopy  (TOCSY) and 'H,'H-nuclear
Overhauser enhancement spectroscopy (NOESY). Except for
the spectra of the switch cage after having reached the PSS at
385 nm, all 2D-NMR spectra were recorded with the following
parameters: COSY spectra were recorded with a size of free
induction decay (FID) of 4096 (F2) by 1024 (F1) data points
and a spectral width of 14.0261 ppm (F2) by 14.0000 ppm (F1).
TOCSY data were acquired with a size of FID of 4096 (F2) by
512 (F1), a spectral width of 14.0261 ppm (F2) by 14.0261 ppm
(F1) and a mixing time of 60 ms. NOESY data were recorded
with a size of FID of 4096 (F2) by 512 (F1), a spectral width of
14.0261 ppm (F2) by 14.0261 ppm (F1) and using a mixing
time of 200 ms.

All measurements were performed at 298 K if not stated
otherwise. Spectra of TC(4,8) were recorded at concentrations
of 3.3 mg ml™" (1.6 mM) at pH = 5.3 = 0.1. Each data point of
each spectrum was an accumulation of 8 scans. Spectra of the
switch cage were recorded at concentrations of 1.2 mg ml ™"
(0.5 mM) at pH = 5.5 + 0.1. Each data point of each spectrum
was an accumulation of 16 scans.

In order to obtain spectra of the Trp-cage after having
reached its PSS at 385 nm the sample was irradiated for 10 s
immediately before each experiment. Due to the relatively fast
trans — cis relaxation the 2D-NMR experiments were recorded
with a reduced amount of scans and a reduced size of FID in
the F1 dimension but otherwise identical parameters as stated
above. The COSY, TOCSY and NOESY were recorded with an F1
FID of 512 and 8 scans per data point.

Irradiation

Irradiation was performed immediately prior to the measure-
ments outside the spectrometer (NMR, CD, UV/vis) with
samples already inside their container for the respective spec-
troscopic measurement. Samples were irradiated using light
emitting diodes (LEDs) emitting at 385 nm or 530 nm
(Sahlmann Photochemical Solutions, Kiel, Germany).
Irradiation at 385 nm was performed from four sides by a total of
twelve Nichia NCSU034A LEDs with the following specifications:
FWHM = 9 nm, P(opt) = 12 x 340 mW. Irradiation at 530 nm was
performed from four sides by a total of 16 Luxeon LXML-PM01-
0080 LEDs with the following specifications: FWHM = 33 nm,
P(opt) = 16 x 200 mW. Regardless of the container and the wave-
length the PSS was reached within 10 s of irradiation.

Author contributions

F. D. S, M. L, N. P. and W. M. developed the concept. N. P.
planned and performed all MD simulations as well as the syn-

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ob02442e

Open Access Article. Published on 24 March 2020. Downloaded on 4/18/2020 11:30:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Organic & Biomolecular Chemistry

thesis and characterization of the Trp-cage and the switch-
cage. For his PhD thesis in organic chemistry, W. M. planned
and performed the synthesis and characterization of the cross-
linker. For his bachelor thesis in biochemistry,
W. M. performed the MD-simulations as well as the synthesis
and characterization of the Trp-cage and the switch-cage
under the guidance of N. P. M. L. and K. B. optimized the
cross-linking reaction conditions. N. P. and W. M. prepared
the original draft. N. P., W. M., F. D. S. and R. H. revised the
manuscript. F. D. S. and R. H. supervised the work. N. P.,
F. D. S, R. H. and K. B. acquired the funding.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors gratefully acknowledge financial support by the
Deutsche Forschungsgesellschaft (DFG) within the Collaborative
Research Center SFB 677, “Function by Switching”. N. P. thanks
the Deutsche Bundesstiftung Umwelt (German Federal
Environmental Foundation) for a predoctoral fellowship. K. B.
thanks the Studienstiftung des deutschen Volkes (German
Academic Scholarship Foundation) for a predoctoral fellowship.
The authors thank Prof. Joachim Grétzinger for granting access
to and use of his CD spectrometer.

Notes and references

1 A. A. Beharry and G. A. Woolley, Chem. Soc. Rev., 2011,
40(8), 4422.

2 W. Szymanski, ]J. M. Beierle, H. A. V. Kistemaker,
W. A. Velema and B. L. Feringa, Chem. Rev., 2013, 113(8),
6114.

3 R. J. Mart and R. K. Allemann, Chem. Commun., 2016,
52(83), 12262.

4 L. Albert and O. Vazquez, Chem. Commun., 2019, 55(69),
10192.

5 J. R. Kumita, D. G. Flint, G. A. Woolley and O. S. Smart,
Faraday Discuss., 2002, 122, 89-103; discussion 171-190.

6 A. M. Ali, M. W. Forbes and G. A. Woolley, ChemBioChem,
2015, 16(12), 1757.

7 A. Bergen, S. Rudiuk, M. Morel, T. Le Saux, H. IThmels and
D. Baigl, Nano Lett., 2016, 16(1), 773.

8 A. Estévez-Torres, C. Crozatier, A. Diguet, T. Hara, H. Saito,
K. Yoshikawa and D. Baigl, Proc. Natl. Acad. Sci. U. S. A.,
2009, 106(30), 12219.

9 A-L. M. Le Ny and C. T. Lee ]Jr., J. Am. Chem. Soc., 2006,
128(19), 6400.

10 L. Guerrero, O. S. Smart, C. J. Weston, D. C. Burns,
G. A. Woolley and R. K. Allemann, Angew. Chem., Int. Ed.,
2005, 44(47), 7778.

This journal is © The Royal Society of Chemistry 2020

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

View Article Online

Paper

L. Guerrero, O. S. Smart, G. A. Woolley and R. K. Allemann,
J. Am. Chem. Soc., 2005, 127(44), 15624.

G. A. Woolley, A. S. 1. Jaikaran, M. Berezovski, J. P. Calarco,
S. N. Krylov, O. S. Smart and J. R. Kumita, Biochemistry,
2006, 45(19), 6075.

S. Kneissl, E. J. Loveridge, C. Williams, M. P. Crump and
R. K. Allemann, ChemBioChem, 2008, 9(18), 3046.

F. Zhang, K. A. Timm, K. M. Arndt and G. A. Woolley,
Angew. Chem., Int. Ed., 2010, 49(23), 3943.

R. J. Mart, P. Wysoczanski, S. Kneissl, A. Ricci, A. Brancale
and R. K. Allemann, ChemBioChem, 2012, 13(4), 515.

R. J. Mart, R. J. Errington, C. L. Watkins, S. C. Chappell,
M. Wiltshire, A. T. Jones, P. J. Smith and R. K. Allemann,
Mol. BioSyst., 2013, 9(11), 2597.

L. Nevola, A. Martin-Quirés, K. Eckelt, N. Camarero,
S. Tosi, A. Llobet, E. Giralt and P. Gorostiza, Angew. Chem.,
Int. Ed., 2013, 52(30), 7704.

A. Martin-Quir6s, L. Nevola, K. Eckelt, S. Madurga,
P. Gorostiza and E. Giralt, Chem. Biol., 2015, 22(1), 31.

B. Jankovic, A. Gulzar, C. Zanobini, O. Bozovic, S. Wolf,
G. Stock and P. Hamm, J. Am. Chem. Soc., 2019, 141(27),
10702.

Z. Zhang, D. C. Burns, J. R. Kumita, O. S. Smart and
G. A. Woolley, Bioconjugate Chem., 2003, 14(4), 824.

R. Siewertsen, H. Neumann, B. Buchheim-Stehn,
R. Herges, C. Nither, F. Renth and F. Temps, J. Am. Chem.
Soc., 2009, 131(43), 15594,

R. Siewertsen, J. B. Schonborn, B. Hartke, F. Renth and
F. Temps, Phys. Chem. Chem. Phys., 2011, 13(3), 1054.

M. Hammerich, C. Schiitt, C. Stihler, P. Lentes,
F. Rohricht, R. Hoppner and R. Herges, J. Am. Chem. Soc.,
2016, 138(40), 13111.

P. Lentes, E. Stadler, F. Rohricht, A. Brahms, J. Grobner,
F. D. Sonnichsen, G. Gescheidt and R. Herges, J. Am. Chem.
Soc., 2019, 141(34), 13592.

W. Moormann, D. Langbehn and R. Herges, Beilstein J. Org.
Chem., 2019, 15, 727.

W. Moormann, D. Langbehn and R. Herges, Synthesis,
2017, (15), 3471.

M. S. Maier, K. Hill, M. Reynders, B. S. Matsuura,
P. Leippe, T. Ko, L. Schiffer and D. Trauner, J. Am. Chem.
Soc., 2019, 141(43), 17295.

S. Samanta, C. Qin, A. J. Lough and G. A. Woolley, Angew.
Chem., Int. Ed., 2012, 51(26), 6452.

A. M. Petros, A. Medek, D. G. Nettesheim, D. H. Kim,
H. S. Yoon, K. Swift, E. D. Matayoshi, T. Oltersdorf and
S. W. Fesik, Proc. Natl. Acad. Sci. U. S. A., 2001, 98(6),
3012.

S. W. Muchmore, M. Sattler, H. Liang, R. P. Meadows,
J. E. Harlan, H. S. Yoon, D. Nettesheim, B. S. Chang,
C. B. Thompson, S.-L. Wong, S.-C. Ng and S. W. Fesik,
Nature, 1996, 381(6580), 335.

C. R. Kissinger, B. Liu, E. Martin-Blanco, T. B. Kornberg
and C. O. Pabo, Cell, 1990, 63(3), 579.

N. D. Clarke, C. R. Kissinger, J. Desjarlais, G. L. Gilliland
and C. O. Pabo, Protein Sci., 1994, 3(10), 1779.

Org. Biomol. Chem., 2020, 18, 2650-2660 | 2659


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ob02442e

Open Access Article. Published on 24 March 2020. Downloaded on 4/18/2020 11:30:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

33

34

35

36

37

38

39

40

41

42

43

44

45

46

I. Radhakrishnan, G. C. Pérez-Alvarado, D. Parker,
H. J. Dyson, M. R. Montminy and P. E. Wright, Cell, 1997,
91(6), 741.

J. Martinez-Oyanedel, H.-W. Choe, U. Heinemann and
W. Saenger, J. Mol. Biol., 1991, 222(2), 335.

C. J. McKnight, P. T. Matsudaira and P. S. Kim, Nat. Struct.
Biol., 1997, 4(3), 180.

J. W. Neidigh, R. M. Fesinmeyer and N. H. Andersen, Nat.
Struct. Biol., 2002, 9(6), 425.

B. Barua, J. C. Lin, V. D. Williams, P. Kummler,
J. W. Neidigh and N. H. Andersen, Protein Eng., Des. Sel.,
2008, 21(3), 171.

S. H. Gellman and D. N. Woolfson, Nat. Struct. Biol., 2002,
9(6), 408.

H. Meuzelaar, K. A. Marino, A. Huerta-Viga, M. R. Panman,
L. E. J. Smeenk, A. J. Kettelarij, J. H. van Maarseveen,
P. Timmerman, P. G. Bolhuis and S. Woutersen, J. Phys.
Chem. B, 2013, 117(39), 11490.

B. N. Markiewicz, H. Jo, R. M. Culik, W. F. DeGrado and
F. Gai, J. Phys. Chem. B, 2013, 117(47), 14688.

L. Qiu, S. A. Pabit, A. E. Roitberg and S. J. Hagen, J. Am.
Chem. Soc., 2002, 124(44), 12952.

A. Byrne, D. V. Williams, B. Barua, S. J. Hagen, B. L. Kier
and N. H. Andersen, Biochemistry, 2014, 53(38), 6011.

M. Scian, J. C. Lin, I. Le Trong, G. I. Makhatadze,
R. E. Stenkamp and N. H. Andersen, Proc. Natl Acad.
Sci. U. S. A., 2012, 109(31), 12521.

W. W. Streicher and G. I. Makhatadze, Biochemistry, 2007,
46(10), 2876.

C. Simmerling, B. Strockbine and A. E. Roitberg, J. Am.
Chem. Soc., 2002, 124(38), 11258.

S. Kannan and M. Zacharias, PLoS One, 2014, 9(2), e88383.

2660 | Org. Biomol. Chem., 2020, 18, 2650-2660

47

48

49

50

51
52

53

54

55

56

57

58

59

60

View Article Online

Organic & Biomolecular Chemistry

J. Juraszek and P. G. Bolhuis, Proc. Natl. Acad. Sci. U. S. A.,
2006, 103(43), 15859.

R. Day, D. Paschek and A. E. Garcia, Proteins, 2010, 78(8),
1889.

Matthias Lipfert, Design of a Stabilizing and Switching
Module for a-Helical Peptides, Dissertation, Kiel, 2017.

E. J. Corey and N. Raju, Tetrahedron Lett., 1983, 24(50),
5571.

A. Bundi and K. Wiithrich, Biopolymers, 1979, 18(2), 285.

G. Merutka, H. J. Dyson and P. E. Wright, J. Biomol. NMR,
1995, 5(1), 14.

G. Cabré, A. Garrido-Charles, A. Gonzalez-Lafont,
W. Moormann, D. Langbehn, D. Egea, J. M. Lluch,
R. Herges, R. Alibés, F. Busqué, P. Gorostiza and
J. Hernando, Org. Lett., 2019, 21(10), 3780.

E. R. Thapaliya, J. Zhao and G. C. R. Ellis-Davies, ACS
Chem. Neurosci., 2019, 10(5), 2481.

J. B. Trads, K. Hill, B. S. Matsuura, L. Laprell, T. Fehrentz,
N. Gorldt, K. A. Kozek, C. D. Weaver, N. Klocker,
D. M. Barber and D. Trauner, Angew. Chem., Int. Ed., 2019,
58(43), 15421.

L. Albert, A. Pefialver, N. Djokovic, L. Werel, M. Hoffarth,
D. Ruzic, J. Xu, L.-O. Essen, K. Nikolic, Y. Dou and
O. Vazquez, ChemBioChem, 2019, 20(11), 1417.

H. Sell, C. Nither and R. Herges, Beilstein J. Org. Chem.,
2013, 9, 1.

S. S. Wong, Chemistry of protein conjugation and cross-
linking, CRC Press, Boca Raton, FL, USA, 1991.

S. C. Gill and P. H. von Hippel, Anal. Biochem., 1989,
182(2), 319.

T.-L. Hwang and A. J. Shaka, J. Magn. Reson., Ser. A, 1995,
112(2), 275.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ob02442e

5. Discussion and Conclusion

5. Discussion and Conclusion

Miniprotein grafting, and in particular that of PP family peptides, is a versatile approach. It
exploits the stable fold of PP family peptides to preorganize a binding epitope or catalytic site.
So far, no grafted PP family peptide has made it into clinical trials, but in many cases they
contributed to the discovery of new therapeutic possibilities. For instance, the aPP-derived KSDD
was the first allosteric inhibitor of the oncogenic herpesvirus protease KSHV Pr,?®! providing a
proof of principle. It paved the way for the development of small molecules capable of inhibiting
KSHV Pr.3¢39 Similarly, the grafted miniprotein aPP5.3 demonstrated proof of concept that
miniproteins can be designed to have cell-penetrating properties, even when covalently bound
to hydrophilic small molecules or whole proteins. This way, highly hydrophilic active agents that
would not be able to cross the cell membrane alone might be fused to a cell-permeant
miniprotein to reach their intracellular target. The development aPP5.3 finally led to the creation
of the highly cell-permeant miniprotein ZF5.3,[** %% which has already been applied in animal
studies.?*

In analogy to PP grafting, one can envision the potential of Trp-cage grafting in the search for
new applications. The Trp-cage provides a scaffold containing an a-helix and a PPIl helix and
therefore can be subject to the same protein grafting methods as PP family peptides. Whereas
aPP is a 36-residue peptide, the Trp-cage contains only 20 residues. This is an advantage over
the aPP grafting approach, as it principally enables the design of smaller functional peptides
compared to aPP. Nevertheless, some grafting applications of the Trp-cage may necessitate the
elongation of its sequence in order to provide sufficient residues required to gain the desired
function. Fortunately, the small size of the Trp-cage enables the fusion of short peptide
sequences to the helical N-terminus of the Trp-cage in order to induce helicity in the added
peptide fragment, as has been shown with AMTC31-6. Elongation of the Trp-cage’s a-helix by
ten additional residues would result in a grafted Trp-cage comprising 30 residues — the same size
as the smallest aPP-derived functional peptides (KSDD®?” and pGolemil**2¢). Such a grafted
Trp-cage would then have an a-helix of 18 residues, i.e. five helical turns, which is the same
length as the a-helix in PP family peptides. In contrast to the Trp-cage, extending PP family
peptides with additional residues would make a production by SPPS very costly. Another
advantage of the Trp-cage is that it is monomeric in solution independent of its concentration,
whereas aPP and bPP form homodimers at micromolar concentrations.

Despite the differences of PP family peptides and the Trp-cage outlined above, their
similarities are significant and both scaffolds can be used to stabilize a-helical peptides. In fact,
PP grafting and Trp-cage grafting can even be viewed as two complementary approaches,
because the PP fold stabilizes an a-helix from its N-terminus, while the a-helix of the Trp-cage is
stabilized from the C-terminus.

An example how Trp-cage grafting might be of benefit for peptide drug development was
provided with the design, synthesis, and characterization of the AMTCs.[2%¢ The Trp-cage domain
was fused to the aAMPs KR-12 and IsCT, respectively. Even though the Trp-cage domain itself
has no antimicrobial activity and has almost twice as many residues as KR-12 and IsCT, the AMP-
Trp-cage chimeras generally showed comparable antibacterial activity as the respective aAMP
alone. Notably, the activity of AMTC31-6 was much higher than that of KR-12, when assessed in
environments containing physiologically relevant salt concentrations. AMTC31-6 was
significantly active against E. coli (pH =7.5 and pH =5.5) and P. aeruginosa (pH = 5.5) in the
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presence of 150 mm NaCl, while the related KR-12 showed no activity under the same
conditions. In this case, fusion with the Trp-cage domain brings an advantage that is relevant for
potential in vivo applications.

Many attempts to increase the antimicrobial activity of an aAMP also result in increased
hemolytic activity and thus increased toxicity.[?3324%243] |n the study presented here,!?%¢
however, the strong increase in antimicrobial activity of AMTC31-6 in the presence of 150 mm
NaCl was not concomitant with a pronounced increase the hemolytic activity compared to
KR-12. In the case of IsCT, fusion with a Trp-cage domain even produced a peptide (AMTC33-2)
that was significantly less hemolytic than IsCT.

The most important benefit of grafting a Trp-cage with an aAMP is the stable fold in solution
which was shown to drastically reduce the susceptibility to enzymatic proteolysis. Compared to
oAMPs that are protected from fast degradation by introduction of hydrocarbon staples,
D-amino acids, and other non-gene-encoded residues or building blocks, AMTCs have the
advantage of comprising only gene-encoded residues. AMTCs are therefore producible by cost-
efficient biosynthetic procedures. As recombinant production was shown to cost-efficiently
produce AMPs regardless of their length,?7°-82 the increased length of AMTCs compared to
other aAMPs is not necessarily a disadvantage.

In conclusion, Trp-cage grafting is a new design approach to optimize the activity and
resistance to enzymatic degradation of aAMPs and its applicability has been proven with the
rational design of the AMTCs described in the original publication!?®®!. Optimization using
sophisticated computer-aided design approaches(??* 2612741 may potentially produce AMTCs
with even higher stability and antimicrobial potency while maintaining their low hemolytic
activity. Future studies may also investigate whether the specificity towards Gram-positive
pathogens like S. aureus can be increased by reducing the net cationic charge.?®! To this end, a
Trp-cage domain might be fused with the short and highly potent aAMPs developed by
Guangshun Wang and colleagues.!?%Y

The second project of this thesis aimed to create a Trp-cage protein equipped with a
photosensitive cross-linker. The photoswitch, a visible-light-responsive diazocine moiety, was
introduced at the Trp-cage’s a-helix affording the so-called switch cage. The design of the
diazocine cross-linker intendedly avoided conjugation of its T electron system with electron lone
pairs or 1 electrons of the substituents to preserve the extraordinary cis-to-trans conversion
yields of the parent diazocine. Unexpectedly, however, the isomerization to the trans-state
could only be achieved in yields close to 50%. The rather low photoconversion can mainly be
attributed to the negative influence of water on the diazocine’s switching efficiency, which was
reported®% a few months after publication of the switch cage. Accordingly, highly polar solvents
such as water lower the yields of the cis-to-trans isomerization of diazocines by stabilizing the
cis-isomer and destabilizing the trans-isomer. Moreover, a polar environment results in a
hypsochromic shift of the n-t* band of a diazocine narrowing the band separation between the
cis- and the trans-state and thus additionally decreases the photoconversion yields.57# Despite
these unforeseen difficulties, thorough investigation of the switch cage demonstrated that the
cross-linker affected the formation or disruption of the a-helix and in consequence influenced
the entire fold depending on its isomeric state.*”>! CD and NMR spectroscopy provided evidence
that the diazocine stabilized the fold of the switch cage in the cis-state, but prevented proper
folding of the trans-switch cage. Switching the fold state by irradiation with violet (cis-to-trans
isomerization, 46% yield) or green (trans-to-cis isomerization, nearly 100% vyield) light was
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completely reversible and did not require UV light. Notably, unfolding of the switch cage’s
hydrophobic cluster did not result in aggregation or precipitation despite the presence of the
unpolar trans-diazocine.

In conclusion, tertiary structures of proteins can be reversibly disrupted preventing or
allowing the formation of an a-helix that is a central part of said tertiary structure. With this
proof of principle at hand, the method can be transferred to other small proteins or protein
domains. The fact that the diazocine cross-linker can be switched in both directions with visible
light is an advantage over azobenzene. However, further improvements of the cis-to-trans
conversion efficiencies are desirable. Higher switching efficiencies could be obtained by
employing the water-soluble NAc-diazocinel®”*37%! (Figure 36). Future cross-linkers could make
use of this water-soluble diazocine-derived chromophore, which achieves cis-to-trans
conversion yields of 72% at 393 nm in water. However, NAc-diazocine derivatives with reactive
moieties for cross-linking of peptides still need to be developed.

(o)

_/<N
Z4AN

Figure 36: Cis-isomer of the NAc-diazocine.

The switch cage designed in our proof of concept study was not intended to be directly
compatible with other Trp-cage grafting approaches. In fact, combining the switch cage and the
AMTC, i.e. designing a photoswitchable AMTC, is not straight forward but would necessitate
extensive modifications. First of all, the hydrophobic nature of the diazocine moiety would
require the incorporation at the hydrophobic side of the helix in order to keep the well-balanced
amphipathicity intact. Incorporation of the photoswitchable cross-linker at the hydrophilic side
cannot be recommended, as it would drastically increase hydrophobicity and would most likely
resultin an insoluble or even cytotoxic peptide. For the same reason, an azobenzene moiety was
incorporated at the hydrophobic face of the helix, when an amphipathic photoswitchable cell-
penetrating peptide was designed.’*” In the AMTC, however, the hydrophobic side is partially
blocked by the Trp-cage loop which significantly reduces the available options to install the
photoswitch.

Secondly, the AMTCs presented in this thesis possess many lysines and a free N-terminus,
which are able to react with the NHS-moieties of the diazocine cross-linker preventing a site-
selective conjugation. In order to make use of the primary amine-reactive cross-linker, all lysines
had to be substituted for arginines and the peptide’s N-terminus had to be protected, e.g. by
acetylation. Both measures could affect the antimicrobial and hemolytic activity. If lysines and a
free N-terminus are important for a grafted Trp-cage, one could employ the well-known
cysteine-based chemistry to incorporate a cross-linker.

Combination of the switch cage and the AMTC would, in conclusion, require extensive
redesign and it remains uncertain whether the incorporation of a photoswitchable cross-linker
would really result in photoswitchable antimicrobial activity.

To conclude, PP grafting and Trp-cage grafting are two similar approaches that may be used

to stabilize functional peptides that depend on an a-helical secondary structure. Two
applications how the Trp-cage may be enhanced with new functions were presented in this
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thesis. AMTCs are antimicrobial peptides with a higher resistance to enzymatic proteolysis that
are accessible through methods of gene expression and the Trp-cage may therefore be an
important scaffold for the design of peptide antibiotics in the future. Moreover, Trp-cage
grafting may also be applied to stabilize binding epitopes in order to design a-helical peptide
drugs (other than antibiotics) with enhanced stability against enzymatic degradation.

The switch cage provides a proof of concept how Woolley’s approach to switching a peptide’s
helicity may be applied to control the tertiary structure of folded proteins. As a protein’s
function is usually dependent on a correct and unperturbed fold, controlling a protein’s tertiary
structure could result in the ability to manipulate its function. With these two new examples of
Trp-cage grafting, this work successfully contributed to advancing the field of protein and
peptide engineering and showed how the Trp-cage can be of use in peptide drug design.
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6. Detailed methods and supplementary information

6.1. Detailed description of methods regarding the AMTC

While the methods as described in the original publication?®® (cf. chapter 3.3.2.
Antimicrobial Trp-cage: Publication) are written as concise as possible, the following description
provides sufficient detail to allow an exact replication of the procedures.

6.1.1. Peptide synthesis

All peptides were synthesized using SPPS employing a fluorenylmethoxycarbonyl (Fmoc)
protecting group strategy.B’”) TC-KKA, KR-12, Helix19-6, AMTC26-4, AMTC27-6, and AMTC24-5
were synthesized on a microwave-assisted, semi-automated peptide synthesizer Initiator® SP
Wave (Biotage, Uppsala, Sweden). TC-KKA, AMTC27-6, and AMTC24-5 were synthesized on
Wang resin (200-400 mesh, 860 umol g1, ChemPep, Wellington, FL, USA) at a 172 pmol (200 mg
resin) scale in a 5 ml reaction vessel. AMTC26-4 was synthesized on Wang resin at a 258 umol
(300 mg resin) scale in a 10 ml reaction vessel. The C-terminally amidated peptides Helix19-6
and KR-12 were synthesized on Rink amide resin (100-200 mesh, 450 umol g, ChemPep,
Wellington, FL, USA) at a 90 umol scale (200 mg resin) in a 5 ml reaction vessel. Apart from two
dipeptides (DG and SS), standard Fmoc-protected amino acids with acid-labile side chain
protecting groups were used. The DG dipeptide Fmoc-Asp-(OtBu)-(DMB)Gly-OH (Novabiochem,
Merck, Darmstadt, Germany) was used to avoid aspartimide formation during synthesis and the
SS dipeptide was coupled as the pseudo-proline variant Fmoc-Ser(tBu)-Ser(psiMe,Mepro)-OH
(Novabiochem, Merck, Darmstadt, Germany) to disrupt secondary structure effects during
synthesis. In the following text, 1 equivalent (eq.) of reagents corresponds to either 90 umol
(KR-12 and Helix19-6), 172 umol (TC-KKA, AMTC27-6 and AMTC24-5), or 258 umol (AMTC26-4).
Whenever two different values separated by a vertical line (x|y) are stated, the first value x
corresponds to a 5 ml reaction vessel synthesis (TC-KKA, KR-12, Helix19-6, AMTC27-6, and
AMTC24-5), whereas the second value y corresponds to a 10 ml reaction vessel synthesis
(AMTC26-4).

6.1.1.1. Swelling

The resin was prepared for the synthesis by letting it swell in dichloromethane (DCM) or
N,N-dimethylformamide (DMF) for at least 30 min at ambient temperature. When DCM was
used for swelling, four washes with acetonitrile (MeCN; 2 ml|4 ml) for at least 30 s each, while
vortexing at 600 rpm at ambient temperature were applied after the DCM was drained. The
solvent was drained and the resin was washed four times with DMF (2 ml|4 ml) for at least 30 s
at 600 rpm at ambient temperature. The solvent was drained. In case of Rink amide resin, the
extended deprotection procedure (vide infra) was performed prior to coupling the first residue.

6.1.1.2. Coupling

Peptide synthesis was performed as a repetitive cycle of (double) coupling, capping, and
(extended) deprotection for each residue of the peptide. Coupling was performed with 5 eq. of
the corresponding amino acid and 4.9 eq. of hexafluorophosphate azabenzotriazole tetramethyl
uronium (HATU) dissolved in DMF (2 ml|4 ml). 10 eq. of N,N-diisopropylethylamine (DIPEA)
were added to the solution to activate the amino acid immediately prior to the addition to the
resin. The reaction mixture was vortexed at 600 rpm at 75 °C for 5 min and the solution was
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drained. Depending on the peptide and residue, an additional coupling step (i.e. double
coupling) with fresh reaction solution was performed. Finally, the resin was washed with DMF
(2 ml| 4 ml) by vortexing the suspended resin at 600 rpm at ambient temperature for (30 5|45 s)
and the wash solution was drained. The washing step was performed four times in a row.

6.1.1.3. Capping
A capping step was performed after the coupling procedure by adding a solution (2 ml|4 ml)
of DMF (50% v/v), pyridine (25% v/v), and acetic anhydride (25% v/v) to the resin and vortexing
it at 600 rpm at 75 °C for 5 min. The solution was drained and four wash steps with DMF
(2 ml|4 ml) were performed at the end of the capping procedure.

6.1.1.4. Deprotection of the Fmoc protecting group

Cleavage of the terminal Fmoc protecting group was achieved by adding a solution
(2 ml| 4 ml) of piperidine (25% v/v) in DMF to the resin and vortexing it at 600 rpm at 75 °C for
1 min. The solvent was drained and fresh deprotection mixture (2 ml|4 ml) was added to react
for another 4 min at 600 rpm at 75 °C. Extended deprotection included a third reaction step with
fresh reaction mixture to react for another 4 min at 600 rpm at 75 °C. The solution was drained
and four wash steps with DMF (2 ml|4 ml) were performed at the end of the Fmoc cleavage
procedure. Specifications which residue of which peptide was subjected to double coupling
and/or extended deprotection can be found in Table 9 to Table 14.

6.1.1.5. Final cleavage

When all residues were coupled and the N-terminus was deprotected, the resin was washed
four times with DMF (2 ml|4 ml) for 30 s at 600 rpm at ambient temperature and the solvent
was drained. This procedure was followed by four identical washing steps but using MeCN
instead of DMF and another four identical washing steps using DCM. Finally, the resin was
drained for 60 min to dry the resin completely.

Cleavage of all side chain protecting groups and release of the peptide from the resin was
achieved by treating the peptide-bearing resin with a solution of trifluoroacetic acid (TFA; 90%
v/v), 1,3-dimethoxybenzene (5% v/v), triisopropyl silane (TIS; 2.5% v/v) and water (2.5% v/v) by
gently agitating the suspension for (3 + 1) h at ambient temperature. 1 ml of this solution was
applied per 100 mg of dried peptide-bearing resin. After the treatment, the solution was filtered
through a syringe filter and the beads in the filter were washed with approximately 1 ml TFA.
The filtrates were combined and the peptide was precipitated by adding cold diethyl ether (min.
five times the volume of the filtrate) to the filtrate. After centrifugation, the supernatant was
decanted and discarded. The pellet was dissolved in a few ml of water and lyophilized.

The following tables list the details of the SPPS of all peptides synthesized by Nils PreuRke.
The vial size refers to the size of the reaction vessel in which the microwave-assisted synthesis
was performed. The peptide amount and mass state how much peptide one would obtain if all
couplings and deprotections were achieved in yields of 100%. The stated peptide amount in
umol corresponds to 1 equivalent (1 eq.). Coupling and deprotection conditions are given for
each amino acid. If a field in these columns is left blank, standard conditions (i.e. single coupling
or standard deprotection) apply. If the synthesis could not be completed within one day, the
loaded resin was stored at 6 °C at night and the synthesis was continued the next day.
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Table 9: Synthesis sheet of TC-KKA.

peptide name TC-KKA

peptide molecular mass / g mol*! 2127.32

vial size 5ml

resin mass / mg 200

resin capacity / pmol g! 860 Wang resin

peptide amount / umol 172

peptide mass / mg 366

4.9 eq HATU / mg 320

10 eq DIPEA / pL 300

Day amino acid m/mg coupling deprotection

1 K 403 double extended
1 P 290 extended
1 P 290 extended
1 P 290 extended
2 R 558 double extended
2 G 256 double extended
2 SS 439 extended
2 P 290 extended
2 G 256 double extended
2 DG 532 extended
2 A 268 double extended
2 L 304 extended
2 w 453 extended
3 Q 525 double extended
3 A 268 double extended
3 Y 395 extended
3 K 403 double extended
3 D 354 extended

Table 10: Synthesis sheet of KR-12.

peptide name KR-12
peptide molecular mass / g mol* 1570.93
vial size 5mil
resin mass / mg 200
resin capacity / pmol g! 450 Rink amide resin
peptide amount / umol 90
peptide mass / mg 141
4.9 eq HATU / mg 168
10 eq DIPEA / pL 157
Day amino acid m/mg coupling deprotection
1 Resin deprotection none
1 R 292
1 L 159
1 F 174
1 D 185
1 K 211
1 | 159
1 R 292
1 Q 275
1 \Y 153
1 | 159
1 R 292
1 K 211
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Table 11: Synthesis sheet of Helix19-6.

peptide name Helix19-6

peptide molecular mass / g mol* 2431.93

vial size 5ml

resin mass / mg 200

resin capacity / pmol g! 450 Rink amide resin

peptide amount / umol 90

peptide mass / mg 219

4.9 eq HATU / mg 168

10 eq DIPEA / pL 157

Day amino acid m/mg coupling deprotection

1 Resin deprotection none extended
1 A 140 double extended
1 L 159 extended
1 w 237 extended
2 Q 275 double extended
2 A 140 double extended
2 Y 207 extended
2 K 211 double extended
2 R 292 double extended
2 L 159 extended
2 F 174 extended
2 D 185 extended
2 K 211 double extended
3 | 159 double extended
3 R 292 double extended
3 Q 275 double extended
3 \Y 153 extended
3 | 159 extended
3 R 292 double extended
3 K 211 double extended

Table 12: Synthesis sheet of AMTC26-4.

peptide name AMTC26-4

peptide molecular mass / g mol* 2941.35

vial size 10 ml

resin mass / mg 300

resin capacity / umol g* 860 Wang resin

peptide amount / umol 258

peptide mass / mg 759

4.9 eq HATU / mg 480

10 eq DIPEA / pL 449

Day amino acid m/mg coupling deprotection

1 K 604 double extended
1 P 435 extended
1 P 435 extended
1 P 435 extended
1 R 837 double extended
1 G 384 double extended
1 SS 659 extended
2 P 435 double extended
2 G 384 double extended
2 DG 798 double extended
2 A 402 double extended
2 L 456 extended
2 w 679 extended
2 Q 557 extended
2 A 402 double extended
2 Y 593 extended
2 K 604 extended
3 R 837 extended
3 L 456 extended
3 F 500 extended
3 D 531 extended
3 K 604 extended
3 | 456 extended
3 R 837 extended
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Table 13: Synthesis sheet of AMTC27-6.

peptide name

peptide molecular mass / g mol*!
vial size

resin mass / mg

resin capacity / pmol g!

peptide amount / umol

peptide mass / mg

4.9 eq HATU / mg

10 eq DIPEA / pL

peptide name

peptide molecular mass / g mol*
vial size

resin mass / mg

resin capacity / pmol g!

peptide amount / umol

peptide mass / mg

4.9 eq HATU / mg

10 eq DIPEA / pL

AMTC27-6
3053.6

5mL

200

860 Wang resin

172

525

320

300

Day amino acid m/mg coupling
1 K 403 double
1 P 290
1 P 290
1 P 290
1 R 558 double
2 G 256 double
2 SS 439
2 P 290
2 G 256 double
2 DG 532
2 K 403 double
2 L 304
2 W 453
2 Q 525 double
3 K 403 double
3 Y 395
3 L 304
3 R 558 double
3 K 403 double
3 F 333
3 | 304 double
3 R 558 double
3 \Y 292 double
4 | 304 double
4 G 256 double
Table 14: Synthesis sheet of AMTC24-5.
AMTC24-5
2713.14

5ml

200

860 Wang resin

172

467

320

300

Day amino acid m/mg coupling

1 K 403 double
1 P 290
1 P 290
1 P 290
1 R 558 double
1 G 256 double
1 SS 439
1 P 290
2 G 256 double
2 DG 532
2 K 403 double
2 L 304
2 W 453
2 Q 525 double
2 K 403 double
2 Y 395
2 L 304
2 R 558 double
3 K 403 double
3 F 333
3 | 304
3 G 256

deprotection
extended
extended
extended
extended
extended
extended
extended
extended
extended
extended
extended
extended
extended
extended
extended
extended
extended
extended
extended
extended
extended
extended
extended
extended
extended

deprotection
extended
extended
extended
extended
extended
extended
extended
extended
extended
extended
extended
extended
extended
extended
extended
extended
extended
extended
extended
extended
extended
extended
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6.1.2. Peptide purification

Purification of all peptides was achieved by means of reverse phase (RP) high-performance
liqguid chromatography (HPLC) on a VWR-Hitachi LaChrom Elite instrument (VWR, Darmstadt,
Germany) equipped with a VWR-Hitachi L2400 UV detector (VWR, Darmstadt, Germany) and a
Foxy R1 fraction autocollector (Teledyne ISCO, Lincoln, NE, USA). The peptides were purified in
small batches of approximately 10 mg to 100 mg crude peptide. The preparative gradients used
water acidified with 0.1% v/v formic acid (FA) as solvent A and MeCN acidified with 0.1% v/v FA
as solvent B. Peptides were pre-purified on a semi-preparative VP 250/32 Nucleosil 100-7 C18
column (dimensions: 250 mm x 32 mm, pore diameter: 10 nm, particle size: 7 um; Macharey-
Nagel, Diren, Germany). A subsequent purification was performed using a PLRP-S column
(dimensions: 325 mm x 30 mm, pore diameter: 30 nm, particle size: 8 um; Agilent, Santa Clara,
CA, USA).

The crude AMTC31-6 was purified by Sven Rothemund to >95% purity using preparative HPLC
(Gilson, Middleton, WI, USA) equipped with a PLRP-S column (dimensions: 300 mm x 25 mm,
pore diameter: 30 nm, particle size: 5 um; Agilent, Santa Clara, CA, USA) at room temperature.
The mobile phases were water (A) and acetonitrile (B), respectively, each containing 0.1% TFA.
Detection was accomplished at 220 nm. Samples were eluted with a linear gradient from 10% B
to 70% B in 90 min for preparative runs. Pure fractions were lyophilized. Dissolution of the pure
peptide in 10 mm HCl and subsequent lyophilization was performed three times to exchange the
TFA anions for chloride anions. Partial deamidation of AMTC31-6 at the glutamine residues over
time required re-purification using the equipment that was used to purify the other peptides.

For each purification method the applied column, gradient, flow rate, dead time, retention
time tg and time range of fraction collection (FC) are given in Table 15 to Table 21. Purified
peptides were handled in a sterile environment to avoid contamination with microorganisms
and other sources of proteases.

Table 15: Purification of TC-KKA.
Macherey-Nagel column

Flow rate: 8 ml/min Dead time: 16 min
tr = (56 = 2) min FC: 40 min — 70 min, 4 ml/vial
Time / min 0 5 25 55 65 75 80 20
% A 95 95 84 74 5 5 95 95
%B 5 5 16 26 95 95 5 5

Agilent column

Flow rate: 6 ml/min Dead time: 20 min
tr = (60  2) min FC: 45 min — 75 min, 3 ml/vial
Time / min 0 5 25 55 65 75 80 20
% A 95 95 87 77 5 5 95 95
%B 5 5 13 23 95 95 5 5

Table 16: Purification of KR-12.
Macherey-Nagel column

Flow rate: 8 ml/min Dead time: 16 min
tr = (49 £ 2) min FC: 40 min — 70 min, 4 ml/vial
Time / min 0 5 25 55 65 75 80 20
% A 95 95 80 70 5 5 95 95
% B 5 5 20 30 95 95 5 5

Agilent column

Flow rate: 6 ml/min Dead time: 20 min
tr = (60 = 2) min FC: 45 min — 75 min, 3 ml/vial
Time / min 0 5 25 55 65 75 80 20
% A 95 95 87 77 5 5 95 95
% B 5 5 13 23 95 95 5 5
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Table 17: Purification of AMTC31-6.

Agilent column
Flow rate: 6 ml/min
tr = (55 £ 2) min

Dead time: 20 min
FC: 45 min — 75 min, 3 ml/vial

Time / min 0 5 25 55 65 75 80 20
% A 95 95 87 77 5 5 95 95
% B 5 5 13 23 95 95 5 5
Table 18: Purification of Helix19-6.
Macherey-Nagel column tr = (55 % 2) min
Flow rate: 8 ml/min Dead time: 16 min
tr = (49 £ 2) min FC: 40 min — 70 min, 4 ml/vial
Time / min 0 5 25 55 65 75 80 20
% A 95 95 70 60 5 5 95 95
% B 5 5 30 40 95 95 5 5
Agilent column (gradient 1)
Flow rate: 6 ml/min Dead time: 20 min
tr = (60 £ 2) min FC: 40 min — 70 min, 3 ml/vial
Time / min 0 5 25 25 65 75 80 20
% A 95 95 75 65 5 5 95 95
% B 5 5 25 35 95 95 5 5
Agilent column (gradient 2)
Flow rate: 8 ml/min Dead time: 15 min
tr = (59 £ 2) min FC: 51 min — 61 min, 2 ml/vial
Time / min 0 5 25 55 65 75 80 20
% A 95 95 78 68 5 5 95 95
% B 5 5 22 32 95 95 5 5
Table 19: Purification of AMTC26-4.
Macherey-Nagel column
Flow rate: 8 ml/min Dead time: 16 min
tr = (60 £ 2) min FC: 40 min — 70 min, 4 ml/vial
Time / min 0 5 25 55 65 75 80 90
% A 95 95 77 67 5 5 95 95
%B 5 5 23 33 95 95 5 5
Agilent column
Flow rate: 6 ml/min Dead time: 20 min
tr=(61 £ 2) min FC: 42 min — 72 min, 3 ml/vial
Time / min 0 5 25 55 65 75 80 90
% A 95 95 80 70 5 5 95 95
%B 5 5 20 30 95 95 5 5
Table 20: Purification of AMTC27-6.
Macherey-Nagel column
Flow rate: 8 ml/min Dead time: 16 min
tr = (59 £ 2) min FC: 40 min — 70 min, 4 ml/vial
Time / min 0 5 25 55 65 75 80 20
% A 95 95 75 65 5 5 95 95
% B 5 5 25 35 95 95 5 5
Agilent column
Flow rate: 6 ml/min Dead time: 20 min
tr = (60 £ 2) min FC: 45 min — 75 min, 3 ml/vial
Time / min 0 5 25 55 65 75 80 20
% A 95 95 78 68 5 5 95 95
% B 5 5 22 32 95 95 5 5



6.1. Detailed description of methods regarding the AMTC

Table 21: Purification of AMTC24-5.
Macherey-Nagel column

Flow rate: 8 ml/min Dead time: 16 min
tr = (54 £ 2) min FC: 40 min — 70 min, 4 ml/vial
Time / min 0 5 25 55 65 75 80 20
% A 95 95 80 70 5 5 95 95
%B 5 5 20 30 95 95 5 5

Agilent column

Flow rate: 6 ml/min Dead time: 20 min
tr = (60 % 2) min FC: 45 min — 75 min, 3 ml/vial
Time / min 0 5 25 55 65 75 80 20
% A 95 95 83 73 5 5 95 95
%B 5 5 17 27 95 95 5 5

6.1.3. Analytical UHPLC: Settings of the mass spectrometer

The mass spectrometer was equipped with a heated electrospray ionization (HESI) source
using the following parameters: spray voltage: 3.5 kV, capillary temperature: 250 °C, sheath gas
flow rate: 40, auxiliary gas flow: 15, sweep gas: 0, probe heater temperature: 300 °C, S-lens RF
level: 50.00. The mass spectrometer was set to operate in positive ion mode with a resolution
power of 70,000 at full width at half maximum (FWHM) at m/z = 200 scanning an m/z-range
from 100 to 1,500. The automated gain control (AGC) target was set to 1,000,000 and the
maximum inject time was adjusted to 100 ms.

In addition to full spectra, data-dependent tandem mass spectrometry (dd-MS?) data were
recorded using the m/z-range from 200 to 2,000 with a resolution power of 17,500 at FWHM at
m/z = 200. The AGC target was set to 100,000 and the maximum inject time was adjusted to
50 ms. The minimum AGC target was set to 8,000 and the intensity threshold was adjusted to
160,000. The normalized collision energy (NCE) was set to 30. Only the isotope with the highest
intensity of each parent peptide was on the inclusion list for dd-MS? and no other molecules
were subjected to dd-MS? (setting: “if idle do not pick others”). The dynamic exclusion was set
to4.0s.

The spectrometer was calibrated once a day and no lock masses were used. All
chromatograms and dd-MS? data were recorded in profile mode.

6.1.4. NMR spectroscopy: number of scans, size of FID and mixing times

One-dimensional *H-NMR spectra were recorded by accumulating 32 scans with a spectral
width of 16.0221 ppm. TOCSY spectra were recorded using decoupling in the presence of scalar
interactions (DIPSI2) with a mixing time of 60 ms.5’® The size of free induction decay (FID) was
4096 (F2) by 512 (F1) data points and the spectral width was 14.0261 ppm by 14.0261 ppm. 8
scans were accumulated during data aqcuisition. COSY spectra were recorded by accumulating
8 scans with an FID of 4096 (F2) by 1024 (F1) data points and a spectral width of 14.0261 ppm
by 14.0000 ppm. NOESY spectra were recorded by accumulating 16 scans with an FID of 4096
(F2) by 1024 (F1) data points and a spectral width of 14.0261 ppm by 14.0261 ppm using a mixing
time of 200 ms. HSQC spectra were recorded by accumulating 128 scans with an FID of 1024 (F2)
by 128 (F1) data points and a spectral width of 12.0166 ppm by 160.0000 ppm.

6.1.5. MIC assay: Bacterial growth and preparation of the serial dilution

3 ml sterile lysogeny broth (LB) medium (10 g I"* tryptone, 5 g I'* yeast extract, 10 g I'* NaCl
dissolved in water) were inoculated with bacteria from a deep-frozen glycerin stock. After an
incubation period of 14 h to 18 h at 37 °C under agitation, 100 ul of the then turbid broth were
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diluted to 100 mL with fresh sterile LB medium and grown in a shaking incubator at 37 °C under
aerobic conditions to mid-exponential growth phase (ODggo = 0.2 + 0.1). Depending on the type
of bacterium, a bacterial suspension with an optical density of 0.1 at the wavelength of
A=600nm (ODey =0.1) corresponded to the following concentrations: B. megaterium —
2.8 - 108 colony forming units per ml (cfu ml?), E. coli — 2.5 - 107 cfu ml%, S. aureus — 2.5 - 107
cfu ml?, P. aeruginosa — 2.5 - 107 cfu ml. The bacterial suspension was diluted with fresh LB
medium to a concentration of 10,000 cfu/ml immediately prior to use.

The serial microdilution assay was performed in sterile, transparent, round-bottomed
polypropylene 96-well plates. To reduce the hydrophobicity of the wells’ surfaces, they were
incubated with a sterile solution (0.1% w/v) of bovine serum albumin (BSA) in water for 20 min
(200 pl/well), emptied and vigorously shaken (upside-down) so that only a thin film remained
on the well walls. Each well was filled with 90 ul of sterile 10 mm sodium phosphate buffer
adjusted to pH=5.520.5 or to pH=7.5%£0.5. The tests were also performed with higher
salinity; in this case the 10 mm phosphate buffer was supplemented with 150 mm NacCl.
Depending on the desired highest concentration, 5 pl, 10 ul or 20 ul of a peptide stock solution
(200 pm in 10 mm HCI) were added to the first well of each row of the 96-well plate. The well
was filled to 180 pl by the addition of the same phosphate buffer (85 pl, 80 ul or 70 ul) and the
solution was thoroughly mixed. The peptide was serially diluted by taking 90 pul from the first
well, adding it to the next well to the right and mixing it thoroughly, then transferring 90 pl of
that solution to the next well and so forth until the whole row of the 96-well plate was filled
with a serial dilution of the peptide. The 90 ul that were taken out of the last well of the row
were discarded. 10 pul of a bacterial suspension containing 10,000 cfu ml* were added to each
well. Melittin, a pore-forming peptide from bee venom, served as positive control and
10 mm HCI served as negative control. Additionally, two rows of each 96-well plate were not
supplemented with peptide and bacterial suspension but only with sterile LB medium to serve
as sterile control. The plates were closed with a lid and placed in an incubator at 37 °C with high
humidity for (18 + 2) h.

6.1.6. Hemolysis assay: preparation of the serial dilution

The serial microdilution assay was performed in sterile, transparent, V-bottomed
polypropylene 96-well plates. To reduce the hydrophobicity of the wells’” surfaces, they were
incubated with a sterile solution of BSA in water (0.1% w/v) for 20 min (200 ul/well), emptied
and vigorously shaken so that only a thin film remained on the well walls. 80 ul of hemolysis
buffer was filled into each well, except for the first well of each row. The first well of each row
was filled with 80 pl of double-concentrated hemolysis buffer (water, 100 mm Na;HPQO4, 300 mm
NaCl, adjusted to pH 7.4 using 6 M HCl) and 80 ul of a 160 um peptide solution in 2 mm HCl. The
content of the first well was mixed thoroughly. The peptide was serially diluted by transferring
80 ul from the first well to the second well of the row, mixing it thoroughly, transferring 80 ul of
that solution to the next well and so forth. The 80 ul of the last well were discarded so that every
well contained 80 pl of serially diluted peptide with a peptide concentration of 80 um in the first
well. 20 pl of the 12.5% erythrocyte suspension were added to each well. Melittin served as a
positive control and 2 mm HCl served as a negative control. Two rows of a 96-well plate were
not used for the serial dilution, but for osmolysis of erythrocytes, which was achieved by adding
20 ul of the 12.5% erythrocyte suspension to 80 ul of sterile, deionized water. The plates were
closed with a lid and placed in an incubator at 37 °C with high humidity for 1 h.
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6.2. Supporting information on the AMTC publication

6.2. Supporting information on the AMTC publication

Supporting information on the publication “Designed Trp-cage proteins with antimicrobial
activity and enhanced stability” (cf. chapter 3.3.2. Antimicrobial Trp-cage: Publication) can be
found on pages S1-S54.

6.3. Supplementary information on the switch cage publication

Supporting information on the publication “Visible-light-driven photocontrol of the Trp-cage
protein fold by a diazocine cross-linker” (cf. chapter 4.5. Switch cage: Publication) can be found
after the supporting information on the AMTC publication.
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NMR analysis

Un- or misfolded by-forms in slow equilibrium with the folded state

With a folding rate of approximately 0.25 ps! (62) the folding of a stable Trp-cage variant is fast compared to the
NMR time scale. In consequence, there should be only one resonance for each nucleus of the Trp-cage and the
chemical shift of any resonance would directly reflect the amount of folded and unfolded proteins in the sample at a
certain temperature. However, Trp-cage variants with low stability and even highly stable Trp-cages at elevated
temperatures have multiple resonances for some nuclei. Especially the indole-NH proton of the Trp side chain (Trp
H#!) often displays multiple resonances in Trp-cages. These multiple resonances of the Trp-indole NH proton
indicate un- or misfolded states of the Trp-cage in slow equilibrium with the folded state (63). A possible
explanation may be isomerizations of Xxx-Pro peptide bonds between the cis- and the trans-state. Those
isomerizations are slow on the NMR time scale and are more likely to occur in proteins of low stability or at
elevated temperatures. In consequence, the amount and intensity of resonances in the indole-NH proton region of a
Trp-cage 'H-NMR spectrum may indicate how much of the Trp-cage is present in a folded, misfolded or unfolded
state in a pure sample. Since the indole-NH proton resonance of those by-forms is often located at or near its random
coil shift, it can be assumed that the Trp-cage loop is at least partially unfolded in those by-forms. Occasionally
occurring broad line shapes of those resonances may also indicate aggregation. In this paper, all NMR-based
evaluations refer to the folded main population if not stated otherwise. The main population of every peptide is
characterized by sharp resonances and does not show signs of aggregation or formation of multimers.

TC-KKA
Folded: 88% (two resonances at 9.751 ppm (77%) and 9.707 ppm (11%))
Unfolded or misfolded:  12% (minimum of four resonances between 10.18 ppm and 10.08 ppm)

KR-12
There are no by-forms of KR-12. Lacking a Trp-cage, KR-12 is present in a random coil conformation in aqueous
solution.

AMTC31-6
Folded: 93% (at 9.714 ppm)
Unfolded or misfolded: 7% (broad resonances between 10.2 ppm and 10.0 ppm)

Helix19-6
There are no by-forms of Helix19-6. Lacking a Trp-cage, Helix19-6 is present in a dynamic state with some helical
propensity in aqueous solution.

AMTC26-4

Folded: 92% (at 9.725 ppm)

Unfolded or misfolded: 8% (broad resonances between 10.2 ppm and 10.0 ppm)
AMTC27-6

Folded: 77% (at 9.956 ppm)

Unfolded or misfolded:  23% (two sharp resonances at 10.170 ppm (7%) and 10.157 ppm (13%)
one broad resonance at 10.093 ppm (3%))

AMTC24-5

Folded: 79% (at 9.949 ppm)

Unfolded or misfolded:  21% (two sharp resonances at 10.171 ppm (6%) and 10.156 ppm (13%)
one broad resonance at 10.098 ppm (2%))
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Figure S1. 1D-'H-NMR spectra.

1D-'H-NMR spectra of TC-KKA (a), KR-12 (b), AMTC31-6 (¢), Helix19-6 (d), AMTC26-4 (e), AMTC27-6 (f)
and AMTC24-5 (g). The inserts show an expansion of the region between 10.3 ppm and 9.7 ppm, i.e. the region of
the tryptophan H®! (indole NH). Trp-cage variants of low stability show mis- or unfolded by-forms whose W H*!

resonance is close to the tryptophan random coil shift at 10.2 ppm. These by-forms are relatively highly populated in
AMTC27-6 (f) and AMTC24-5 (g).
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Figure S2. 'H- and 3C-chemical shift deviation (CSD or AJ) plots.
The description of Figure S2 is provided together with the description Figure S3 on the next page.
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Figure S3. 'H- and '*C-chemical shift deviation (CSD or AJ) plots.

The 'H*-CSDs (left) and '3C*-CSDs (right) of TC-KKA (a), KR-12 (b), AMTC31-6 (¢), Helix19-6 (d), AMTC26-4
(e), AMTC27-6 (f) and AMTC24-5 (g) are plotted over the respective sequence. Plots are arranged such that
identical residues are vertically aligned. If four of five consecutive residues exceed the helical limit, this stretch is
considered to have a helical conformation (53, 54). A more stable helix induces a larger chemical shift deviation.
The N-terminal residue is marked by an asterisk, because a free N-terminus produces an upfield chemical shift of the
a nuclei of the first residue. Therefore, the Ad of the first residue in these peptides will always be negative and
provides no information regarding the helicity of that residue. Some signals were not detected (n.d.), mainly because
they were obstructed by the water artifact or because of excessive line broadening (see chemical shift tables S9-S22
for individual reasons a certain shift was not detected). The H* nuclei of glycine were stereo-chemically assigned in
a— e, but not in f and g. The Glyl1 H*? and Pro18 H® nuclei in TC-KKA and the corresponding nuclei in the
AMTC:s display a large negative CSD which is typical for the Trp-cage fold (19, 20) These nuclei are located
directly below and above the Trp indole side chain and their CSDs result from the Trp indole ring current.
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NOESY evaluation to identify helicity

(i, i+3)- or (i, i+4)-NOEs are indicators of a stable o-helix between the respective residues. Especially, H%,HP;.3-
NOESs and H%,H";;3-NOEs are commonly observed in an a-helix. Furthermore, significant HY;,HY;1-NOEs are often
of medium or high intensity in an a-helix, because both NH-groups point in the same direction when in an a-helical
conformation. In contrast, strong H%,HY;;;-NOEs are typical for random coil conformations or less stable a-helices.

Table S1. NOE signals of TC-KKA indicative of helicity.
Residuei HV,HV:1-NOE  H%,HVi1i-NOE ~ H%,HVi3-NOE  H%,HP;.3-NOE H%,H;+a-NOE
01D exch. exch. - - -

02K exch. ++ ++ ++ o
03Y ++ ++ ++ o -
04 A ++ ++ ++ ++

05Q o ++ ++ ++ o
06 W ++ ++ ++ +++ -
07L ++ ++ - n.a. o
08 A ++ ++ - n.a. n.a.
09D +++ + n.a. o] o
10G +++ o - o] -
11G n.a. n.a. - - o
12pP n.a. ++ - n.a. -
13S ++ ++ - - n.a.
14S ++ o] n.a. o n.a.
15G ++ ++ n.a. - n.a.
16 R n.a. n.a. n.a. - -
17 P n.a. n.a. - - n.a.
18P n.a. n.a. n.a. n.a. n.a.
19P n.a. +++ n.a. n.a. n.a.
20K n.a. n.a. n.a. n.a. n.a.

n.a. = Not applicable because one or both of the protons are not existent in the peptide.

exch. = Not applicable because one or both of the protons are not visible in the spectrum due to exchange.
- = No observed NOE.

o = Potential signal, but cannot be unambiguously assigned and/or quantified due to overlap.

+ = NOE of low intensity

++ = NOE of medium intensity

+++ = NOE of high intensity
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Table S2. NOE signals of KR-12 indicative of helicity.
Residuei  HV,HVi1-NOE  H%,HV:1-NOE  H%,HV:3-NOE  H%,HPy3-NOE H%,H;+a-NOE
01K exch. exch. - - -

02R exch. ++ o) - o
031 + +++ - - -
04V - ++ - - o
05Q o o - o -
06 R - +++ - - -
071 + +++ - - -
08 K + ++ - - -
09D o] o] - n.a
10F o o n.a. n.a. n.a.
11L o] n.a. n.a. n.a.
12R n.a. n.a n.a n.a n.a

n.a. = Not applicable because one or both of the protons are not existent in the peptide.

exch. = Not applicable because one or both of the protons are not visible in the spectrum due to exchange.
- =No observed NOE.

o = Potential signal, but cannot be unambiguously assigned and/or quantified due to overlap.

+ = NOE of low intensity

++ = NOE of medium intensity

+++ = NOE of high intensity



Table S3. NOE signals of AMTC31-6 indicative of helicity.
Residuei  HV,HVi1-NOE  H%,HV:1-NOE  H%,HV:3-NOE  H%,HPy3-NOE H%,H;+a-NOE
01K exch. exch. - - -

02R exch. +H++ - - -
031 o +++ - o o
04V - ++ - o o
05Q o ++ + o
06 R + ++ + -
071 + +++ ++ + o
08 K o +++ ++ o +
09D + ++ ++ + +
10 F ++ ++ ++ o +
11L ++ ++ o + o
12R ++ ++ ++ ++ +
13K ++ ++ o] + +
14Y ++ ++ ++ ++ +
15 A ++ ++ o + o
16 Q o ++ o] ++ o
17 W +++ ++ ++ + -
18L +++ ++ + n.a. o
19A +++ ++ - n.a. n.a
20D ++ ++ n.a. - -
21G +++ o - o o
22G n.a. n.a. o] - o
23 P n.a. ++ + n.a. +
24 S ++ ++ + - n.a.
25S ++ o n.a. o n.a.
26G ++ ++ n.a. - n.a.
27R n.a. n.a. n.a. - -
28 P n.a. n.a. - - n.a.
29P n.a. n.a. n.a. n.a. n.a.
30P n.a. +++ n.a. n.a. n.a.
31K n.a. n.a. n.a. n.a. n.a.

n.a. = Not applicable because one or both of the protons are not existent in the peptide.

exch. = Not applicable because one or both of the protons are not visible in the spectrum due to exchange.
- =No observed NOE.

o = Potential signal, but cannot be unambiguously assigned and/or quantified due to overlap.

+ = NOE of low intensity

++ = NOE of medium intensity

+++ = NOE of high intensity



Table S4. NOE signals of Helix19-6 indicative of helicity.

Residuei HVHV41-NOE  H%HV:1-NOE  H%,HVi3-NOE  H%,HFu3-NOE  H%,HV::s-NOE
01K exch. exch. - - -
02 R exch. +++ o - o
031 + +++ - o) o)
04V + ++ - - o)
05Q o o + o o]
06 R + +++ + + -
071 + +++ o] + o
08 K + ++ o] o o
09D + o + + o]
10F o] ++ o + fo)
11L + ++ o] + o]
12R + o] o o]
13K o o] o o
14Y o] ++ + + -
15A + ++ o] o o
16 Q + ++ + o n.a.
17 W ++ ++ n.a. n.a n.a.
18L + o n.a. n.a n.a.
19A n.a. n.a. n.a. n.a. n.a.

n.a. = Not applicable because one or both of the protons are not existent in the peptide.
exch. = Not applicable because one or both of the protons are not visible in the spectrum due to exchange.

- =No observed NOE.

o = Potential signal, but cannot be unambiguously assigned and/or quantified due to overlap.
+ = NOE of low intensity

++ = NOE of medium intensity
+++ = NOE of high intensity
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Table S5. NOE signals of AMTC26-4 indicative of helicity.

Residuei HV,HVi1-NOE  H%,H“:1-NOE  H%,HVi3-NOE  H%HPu3-NOE  H%,HVi.a-NOE
01R exch. exch. o - o
021 exch. +++ o + 0
03K o ++ o o o
04D ++ ++ o + -
O5F ++ o] + +
o6 L ++ o] ++ o
07R ++ o] ++ o
08 K ++ o + +
09Y ++ ++ ++ ++ o
10 A ++ ++ ++ ++ o
11Q ++ o] ++ o
12w o + ++ -
13L +++ ++ + n.a. o
14 A +++ o] n.a. n.a
15D ++ n.a. - -
16 G +++ o o] o o
17 G n.a. n.a o] - o
18P n.a. + o] n.a -
19S ++ ++ - - n.a
20S ++ o] n.a. o n.a
21G ++ + n.a. - n.a
22 R n.a. n.a. n.a. o -
23 P n.a. n.a. br. o] n.a.
24 P n.a. n.a. n.a. n.a. n.a.
25P n.a. +++ n.a. n.a. n.a.
26 K n.a. n.a. n.a. n.a. n.a.

n.a. = Not applicable because one or both of the protons are not existent in the peptide.
exch. = Not applicable because one or both of the protons are not visible in the spectrum due to exchange.
br. = Not applicable because one or both of the protons are too broad to be visible.

- =No observed NOE.
o = Potential signal, but cannot be unambiguously assigned and/or quantified due to overlap.
+ = NOE of low intensity

++ = NOE of medium intensity
+++ = NOE of high intensity
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Table S6. NOE signals of AMTC27-6 indicative of helicity.

Residuei HVHV41-NOE  H%HV:1-NOE  H%,HVi3-NOE  H%,HFu3-NOE  H%,HV::s-NOE
01G exch. exch. - o] -
021 exch. +++ - - -
o3V + +++ o] o] -
04 R o o - - o
051 + +++ o] o] -
06 F + ++ + + -
07 K + o + + o
08 R o +++ o] o o
09 L ++ o] ++ o]
10Y + o] ++ o
11K ++ o] o
12Q o o] o
13w o +++ o] ++ -
14L o +++ - n.a. ++
15K o +++ o] n.a. n.a
16D ++ ++ n.a. - o
17 G ++ ++ o] -
18G n.a n.a. - -
9P n.a o o] n.a o
20S o ++ o - n.a.
21S o ++ n.a. o n.a.
22G o o n.a. o n.a.
23R n.a. n.a. n.a. o -
24P n.a. n.a. - br. n.a.
25P n.a. n.a. n.a. n.a n.a.
26 P n.a. +++ n.a. n.a n.a.
27K n.a. n.a. n.a. n.a. n.a.

n.a. = Not applicable because one or both of the protons are not existent in the peptide.
exch. = Not applicable because one or both of the protons are not visible in the spectrum due to exchange.
br. = Not applicable because one or both of the protons are too broad to be visible.

- =No observed NOE.
o = Potential signal, but cannot be unambiguously assigned and/or quantified due to overlap.
+ = NOE of low intensity

++ = NOE of medium intensity
+++ = NOE of high intensity
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Table S7. NOE signals of AMTC24-5 indicative of helicity.

Residuei HVHV41-NOE  H%HV:1-NOE  H%,HVi3-NOE  H%,HFu3-NOE  H%,HV::s-NOE
01G exch. exch. - o] -
021 exch. +++ o o -
03 F o] ++ o] o -
04 K o + o] o
O5R o o] o ++
o6L ++ o] ++ o
07Y + +++ o] ++ o
08 K ++ o] o
09 Q o o o
ow o o] ++ -
11L o] +++ - n.a. ++
12 K o +++ o] n.a. n.a
13D ++ ++ n.a. o
14 G +++ o o] o
15G n.a n.a. - o -
16 P n.a o - n.a o
17S o ++ o] - n.a.
18S o ++ n.a. - n.a.
19G o ++ n.a. - n.a.
20R n.a. n.a. n.a. - -
21P n.a. n.a. - - n.a.
22 P n.a. n.a. n.a. n.a. n.a.
23 P n.a. +++ n.a. n.a. n.a.
24 K n.a. n.a. n.a. n.a. n.a.

n.a. = Not applicable because one or both of the protons are not existent in the peptide.

exch. = Not applicable because one or both of the protons are not visible in the spectrum due to exchange.
- =No observed NOE.
o = Potential signal, but cannot be unambiguously assigned and/or quantified due to overlap.
+ = NOE of low intensity

++ = NOE of medium intensity
+++ = NOE of high intensity

Table S8. Concentrations of the NMR samples.

Peptide

TC-KKA

KR-12

AMTC31-6

Helix19-6

AMTC26-4

AMTC27-6

AMTC24-5

c/um

383

401

400°

404

376

384

370

The stated concentration is an average of the results of two methods: concentration determination by UV/vis
spectroscopy with subsequent lyophilization, reconstitution and dilution and concentration determination by NMR.
) The concentration of the peptide AMTC31-6 was not corrected by NMR integration, as the DSS signal was not
baseline separated.
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Chemical shift tables

Table S9. 'H chemical shifts of TC-KKA.
# AA Proton: Shift / ppm

01
02
03
04
05
06

07
08
09
10
11
12
13
14
15
16
17
18
19
20

20> <~

AT O9mQUnuunIOQUO»C

HN: Exch., H% 4.301, HP?P3: 3.088/2.930

HN: Exch., H% 4.241, HP?P3: 1.845/1.790, H*73: 1.438, H*¥%: 1.687, H*¥%3: 2.977
HN: 8.554, H*: 4.178, HF?/P3: 3.175/3.086, H®: 7.102, H*: 6.819

HN: 8.328, H%: 4.114, HP: 1.522

HN: 8.002, H%: 4.034, HF83: 2,141, H?*: 2.405, H#21%22: 7.723/6.911

HN: 7.986, H%: 4.323, HP2: 3.178, HP: 3.496,

H®': 7.064, He!: 9.751, H*: 7.249, H": 7.218, H®: 7.148, H: 7.126

HN: 8.293, H* 3.507, HP?: 1.777, HP: 1.414, H: 1.584, H®': 0.940, H**: 0.854
HN: 8.100, H*: 4.064, HP: 1.462

HN: 7.851, H*: 4.579, HPP3: 2.852/2.697

HN: 7.640, H*: 3.552, H®: 4.131

HN: 8.297, H*: 1.397, H*: 3.193

H® 4.565, HP?: 2.044, HP: 2.478, H'*¥3: 2.121, H®: 3.764, H%: 3.385

HN: 7.820, H*%: 4.457, HP?P3: 3,919

HN: 8.165, H%: 4.215, HFP: 3.890/3.590

HN: 7.972, H*: 3.836, H®: 4.222

HN: 8.091, H%: 4.940, HFP3: 1.850, H'**3: 1.753/1.670, H*/%: 3.297/3.220, H®: 7.519
H® 4.732, HF#3: 2.319/1.807, H?*3: 2.004, H*/%: 3.862/3.654

H* 2.873, HP?: 1.393, HP: 0.752, H™73: 1.794/1.706, H*: 3.516, H*: 3.566

H* 4.315, HPP: 2.154/1.893, H?": 1.844, H%/%: 3.199/3.005

HN: 7.799, H%: 4.077, HPP3: 1.740/1.631, H?*3: 1.337, H%/%: 1.613, H*?/#: 2.925

Exch. = The signal is not detectable due to exchange with solvent protons.

Table S10. 13C chemical shifts of TC-KKA.
# AA Proton: Shift / ppm

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20

ATTTRIOQOUYTOQUOPCOZO»PK AT

C*% 53.2, CP: 40.2

C*% 58.9, CP: 32.7, C: 25.0, C%: 29.3, C#: 42.1
C*% 61.9, CP: 38.1, C?% 133.0,C%: 118.4

C*% 54.9, CP: 18.3

C* 58.0, CP: 28.9, C": 33.8

C*% 61.5, CP: 28.1, C¥': 127.5, C*: 114.4, C"2%: 124.0, C*: 120.7, C=: 122.7
C*% 57.4,CP: 42.1, C": 26.5, C¥': 25.6, C2: 23.3
C*% 54.6, CP: 17.8

C*% 54.6, CP: 41.0

C*% 444

C* 435

C*% 64.8, CP: 32.0, C": 27.4, C%: 50.9

C* 59.3, CP: 63.2

C*% 59.9, CP: 64.9

C* 454

C*% n.d., CP: 30.7, C": 26.9, C% 43.6

C*% n.d., CP: 30.6, C": 27.1, C% 50.7

C*% 60.3, CP: 29.5, C": 26.9, C3: 49.8

C*% 62.8,CP:31.7,C": 27.2,C3: 49.9

C*% 57.6, CP: 33.9, C": 24.7, C?%: 29.1, C%: 42.2

n.d. = The signal is obstructed by the water artifact.
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Table S11. 'H chemical shifts of KR-12.
# AA Proton: Shift / ppm

01
02
03
04
05
06
07
08
09
10
11
12
NH>

AOTMOAR-TAO<S ™ AR

HN:
HN:
HN:
HN:
HN:
HN:
HN:
HN:
HN:
HN:
HN:
HN.

Exch., H%: 3.946, HPP: 1.861, H?": 1.416, H?/%: 1.696, H*?/*: 2.993
Exch., H%: 4.383, H?#: 1,762, H?"3: 1.637/1.555, H%/%3: 3.192

8.490, H*: 4.184, HP: 1.826, H"'?"13: 1.488/1.190, H®': 0.849, H"%: 0.866
8.366, H*: 4.089, HP: 2.007, H™: 0.918, H": 0.896

8.512, H%: 4.341, HP#: 2.047/1.952, H"?3: 2.337, H*2Y%22; 7.537/6.892
8.515, H*: 4.339, HP#3: 1.809/1.736, H?3: 1.603, H/%: 3.176

8.245, H*: 4.124, HP: 1.851, H"'?"13: 1.463/1.198, H®': 0.863, H'%: 0.907
8.356, H*: 4.209, HP*P: 1.716, H?: 1.365, H%?/%: 1.660, H*?/*: 2.969
8.170, H*: 4.527, HPP3: 2.633/2.542

8.137, H*: 4.538, HP¥P: 3.133/3.061, H®: 7.254, H®: 7.361, H" 7.311
8.141, H*: 4.277, HPP: 1.630/1.546, H": 1.514, H>*: 0.902, HY: 0.858
8.117, H*: 4.249, HPP: 1.866/1.752, H™"3: 1.629, H%3: 3.202, H: 7.230

HNIN2: 7.463/7.116

Exch. = The signal is not detectable due to exchange with solvent protons.

Table S12. 13C chemical shifts of KR-12.
# AA Proton: Shift / ppm

01
02
03
04
05
06
07
08
09
10
11
12

OO RT RO AR

C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*

55.8, CP: 33.6, C*: 24.1, C%: 29.4, C*: 42.0
56.1,CP: 30.9, C": 27.3,C% 43 4

60.8, CP: 38.7, C": 27.2, C®: 12.7, C*: 17.4
62.3, CP: 32,9, C™: 20.7, C™: 21.0

55.9,CP: 29.8, C": 33.7

55.9,CP: 30.8, C": 27.4, C% 43.2

61.5,CP: 38.8, C: 27.4, C*: 12.8, C'* 17.5
56.7, CP:32.9,C": 24.7,C%: 29.2, C*: 42.2
54.5,CP. 41.3

58.2, CP:39.4, C% 131.9, C= 131.6, C* 130.0
55.5,CP: 42.2,C": 27.1,C*>: 24.9, C¥: 23.6
55.9, CP:30.7,C": 27.3,C% 43 4
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Table S13. 'H chemical shifts of AMTC31-6.
# AA Proton: Shift / ppm

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17

18
19
20
21
22
23
24
25
26
27
28
29
30
31

SOPRARCTOR" RO~ AR

ATTTmQUunTOQUO»C

HN

HN:
HN:
HN:
HN:
HN:
HN:
HN:
HN:
HN:
HN:
HN:
HN:
HN:
HN:
HN:
HN:
H3":
HN:
HN:
HN:
HN:
HN:

H*

HN:
HN:
HN:

HN
H*
H*
H*:
HN

: Exch., H% 3.965, HP?P: 1.869, H?73: 1.434, H/%3: 1.697, H*¥3: 2.998
Exch., H%: 4.391, H?#: 1.765, H?": 1.636/1.565, H/%3: 3,187, H*: 7.182
8.496, H*: 4.191, HP: 1.832, H"'?"13: 1.491/1.197, H®": 0.850, H"%: 0.882
8.335, H*: 4.081, HP: 2.047, H™: 0.938, H": 0.918

8.573, H*: 4.265, HP#: 2.054/2.018, H™"3: 2.367, H*2%22: 7.610/6.911
8.532, H*: 4.351, HP#: 1.830, H'?"3: 1.629, H%?/%: 3,136, H*: 7.224

8.134, H*: 4.141, HP: 1.969, H"'?"13: 1.527/1.273, H®": 0.890, H"%: 0.986
8.325, H*: 4.125, HP¥P3: 1.849, H'***: 1.536/1.423, H%/%: 1.710, H*?%3: 3.006
8.347, H*: 4.534, HP¥P3: 2,738

8.034, H*: 4.194, HP¥P: 3.320/3.091, H®: 7.124, HE: 7.164, H": 7.042

8.375, H*: 3.943, HP¥P3: 1.874/1.571, H": 1.854, H>: 0.973, H¥: 0.942
7.920, H* 4.172, HP*P: 1.963, H™"3: 1.767/1.651, H®: 3.259, H®: 7.361
8.084, H*: 4.111, HP¥P3: 1.843/1.716, H'?3: 1.435, H%/%: 1.638, H*?%: 2.972
9.024, H% 3.914, HP*P: 2.833/2.408, H®: 6.962, H®: 6.866

8.200, H*: 4.127, HP: 1.566

7.989, H% 4.007, HP*P3: 2.208/2.115, H?73: 2.417/2.381, H#2%22; 7.764/6.909
7.950, H% 4.255, HP*: 3.125, HP: 3.453,

7.003, H®!: 9.714, H®: 7.216, H™: 7.217, H®: 6.987, H®: 7.109

8.343, H*: 3.402, HP: 1.836, HP: 1.380, H": 1.631, H®'": 0.968, H®2: 0.847
8.158, H*: 4.042, HP: 1.471

7.845, H* 4.562, HP: 2.700, HP: 2.875

7.564, H*: 3.493, H*: 4.162

8.356, H*: 0.963, H®: 3.141

4.608, HP?: 2.072, HP: 2.522, H™3: 2.159, H®: 3.811, H®: 3.405

7.736, H% 4.476, HP*#: 3.924

8.154, H*: 4.184, HP#: 3.867/3.522

7.934, H*2: 3.820, H*: 4.266

:8.121, H%: 5.006, HFP3: 1.861, H'**3: 1.793/1.670, H*?/%3: 3.310/3.225, H: 7.491
4.763, HP?: 1.823, HP: 2.350, H?"3: 2.022, H®2: 3.678, H3: 3.888

2.604, HP2: 1.339, H: 0.352, H™"3: 1.699, H32/%3: 3.542

4.325, HP?: 1.898, HP: 2.203, H™73: 1.741/1.664, H*: 2.905, H*: 3.102
27719, H%: 4.223, HPP3: 1.747/1.635, H?%: 1.347, H3/%3: 1,623, H*/: 2.943

Exch. = The signal is not detectable due to exchange with solvent protons.
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Table S14. 3C chemical shifts of AMTC31-6.
# AA Proton: Shift / ppm

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

ATTTRIQNTOQUO>COZOPP<AROTORTRO<STAA

C(}
CU.

C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*

C(}

: 55.7, CP:
: 56.3, CP:
60.6, CP:
62.4, CP;
56.3, CP:
56.7, CP:
62.2, CP:
58.4, CP:
56.4, CP:
61.0, CP:
57.8, CP:
59.0, CP:
59.2, CP:
62.7, CP:
55.4, CP;
58.2, CP:
62.0, CP:
57.7, CP:

54.8, CP
n.d., CP:
44.2

43.4

n.d., CP:
59.5, CP
59.6, CP
45.5

n.d., CP:
n.d., CP:
60.3, CP
62.5, CP
:57.4,CP

33.5,C": 243, C%29.3, C&: 42.1
30.9,C: 27.1,C% 43.4
38.8,C":27.4,C%: 12.7,C* 17.6
32.7, C™: 20.5, C": 21.1

294, C":33.7

30.7, C": 27.0, C% 43.3
38.6,C"':27.8,C%: 12,9, C% 17.7
32.8,C": 25.4, C%29.3, C& 42.0
40.9

39.2, C% 131.7, C& 131.4, C5 130.1
41.6,C":27.1, C*: 25.6, C¥: 22.8
30.0,C": 27.1, C% 43.3
32.5,C":24.4,C% 293, C: 422
38.3,C% 132.8,C% 118.4

18.0

28.5,C": 33.7

27.6, C3': 127.5, C%: 114.3, C"%: 123.9, C#: 120.5, C2: 122.9
42.0, CY: 25.3, C3': 25.6, C2: 23.1
2177

41.0

32.0, C%: 27.4, C% 50.9
:63.1
1 65.0

31.0, C: 27.0, C®: 46.0
30.6, C: 27.2, C®: 50.6
:29.2,C":26.7, C% 49.8
:31.9, C": 27.0, C% 49.5
:34.7,C":24.7,C% 29.3,C" 42.2

n.d. = The signal is obstructed by the water artifact.
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Table S15. 'H chemical shifts of Helix19-6.

# AA Proton: Shift / ppm
: Exch., H% 3.994, HP?P3: 1.880, HY?73: 1.435, H¥%3: 1.705, H*¥3: 3.002

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17

18
19
NH:

ZOP<XARCTHOR—"RO<— R R

>

HN

HN:
HN:
HN:
HN:
HN:
HN:
HN:
HN:
HN:
HN:
HN:
HN:
HN:
HN:
HN:
HN:

HS]

Exch., H%: 4.390, H?®: 1.771, H?7: 1.646/1.580, H¥%3: 3.190

8.491, H*: 4.185, HP: 1.831, H"'?"13: 1.493/1.193, H®": 0.855, H"%: 0.872
8.348, H*: 4.089, HP: 2.016, H™: 0.923, H": 0.901

8.516, H%: 4.326, HP#: 2.045/1.962, H™?3: 2.340, H*2%22; 7.548/6.887
8.523, H*: 4.342, HP¥P3: 1.811/1.744, H™73: 1.604, H*/%: 3.160

8.220, H*: 4.120, HP: 1.865, H"'#713: 1.472/1.202, H®': 0.858, H'*: 0.911
8.367, H*: 4.183, HP¥P3: 1,728, H"***: 1.415/1.361, H/%: 1.666, H*?: 2.970
8.199, H*: 4.527, HPP: 2.660/2.586

8.092, H*: 4.484, HP¥P3: 3.152/3.094, H®: 7.234, H*: 7.334, H" 7.278

8.110, H*: 4.224, HP¥P: 1,660, H": 1.541, H*: 0.912, H>: 0.866

8.027, H*: 4.176, HP*P: 1.766, H?'*: 1.604/1.545, H*%3: 3.157, H®: 7.202
8.111, H*: 4.166, HP*P: 1.654, H**: 1.293/1.195, H®%3: 1.592, H*¥*3: 2.918
8.095, H*: 4.508, HP#: 3.056/2.846, H®: 7.074, HE: 6.805

8.080, H*: 4.135, HP: 1.288

8.186, H%: 4.180, HP¥#: 1.981, H'?73: 2.260, H#222: 7.467/6.853

8.047, H%: 4.604, HP*: 3.333, H: 3.259,

:7.231, He': 10.170, H*: 7.479, H: 7.235, H®: 7.564, H*: 7.139
HN: 7.888, H%: 4.133, HFP3: 1.479, H": 1.397, H*: 0.836, HY: 0.798
HN: 7.843, H* 4.109, HP: 1.359

HNI™N2:7.309/6.994

Exch. = The signal is not detectable due to exchange with solvent protons.

Table S16. 1*C chemical shifts of Helix19-6.
# AA Proton: Shift / ppm

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19

PO EOPRARCTOR- RO <~ @~

C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*

55.7, CP:
56.3, CP:
60.9, CP:
62.3, CP:
55.8, CP:
56.1, CP:
61.5, CP;
56.9, CP:
54.6, CP:
58.2, CP:
55.8, CP:
56.9, CP:
56.9, CP:
57.8, CP:
53.0, CP:
56.9, CP:
57.5, CP;
55.1, CP;
52.5, CP:

33.6,C:24.2,C% 29.3,C= 42.0
30.7,C:27.2,C% 43.4
38.8,C:27.4,C: 12.7,C2: 17.5
32.8,C:20.7,C%: 21.0

29.7,C": 33.8

30.8,C:27.3,C% 43.4
38.7,C":27.4,C%: 12.7,C™: 17.6
33.0,C": 24.7,C%: 29.3,C*: 42.2
41.2

39.4,C% 131.9, C& 131.6, C5 130.0
42.2,C":26.9,C>:25.1,C»: 23 .4
30.7,C: 27.3,C% 43.4
32.8,(C:24.8,C%29.2,C* 42.2
38.8,C% 133.2,C® 118.2

19.0

29.2,C": 33.9

29.2, C%: 127.1,C%: 114.6, C"*: 124.7, C: 120.8, C*: 122.2
42.6, C: 26.7, C>*: 25.0, C¥: 23.5
19.3
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Table S17. 'H chemical shifts of AMTC26-4.
# AA Proton: Shift / ppm

01
02
03
04
05
06
07
08
09
10
11
12

13
14
15
16
17
18
19
20
21
22
23
24
25
26

SOPRARCTOR "R

ATTTIQOQUNYNTOOT R

HN: Exch., H% 4.193, HP*P: 1.861, H™"3: 1.624, H%%3: 2.957, H*: 7.158

HN: Exch., H% 4.238, HP: 1.998, HY'2713: 1.538/1.369, H%': 0.928, H"*: 1.023

HN: 8.567, H%: 4.185, HF/P3: 1.824, H'¥*3: 1.527/1.451, H%/%3: 1,723, H*?/#3: 3.018
HN: 8.513, H*%: 4.595, HP?/P3: 2.803/2.708

HN: 7.940, H%: 4.043, HP83: 3.367/2.962, H®: 7.086, H®: 7.161, H" 7.005

HN: 8.337, H%: 3.941, HFP3: 1.816/1.577, H": 1.794, H*: 0.997, H¥: 0.953

HN: 7.953, H%: 4.161, HF/P3: 1.914, H'¥"3: 1.747/1.640, H%?/3: 3.245, H*: 7.408
HN: 8.130, H%: 4.101, HPP3: 1.793/1.695, H?*: 1.571, H/%: 1.679, H*?%3: 2.991
HN: 9.094, H*: 3.899, HFP3: 2.801/2.348, H®: 6.950, H*: 6.862

HN: 8.125, H* 4.120, HP: 1.559

HN: 8.018, H*: 3.998, HF/P3: 2.198/2.096, H'*'*3: 2.392, H#21%22: 7.747/6.902

HN: 7.939, H*: 4.239, HP?: 3.122, HP: 3.451,

H®': 6.993, He!: 9.725, H*: 7.213, H": 7.214, H: 6.980, HY: 7.108

HN: 8.340, H%: 3.390, HF#3: 1.827/1.373, H": 1.612, H®': 0.959, H%2: 0.845

HN: 8.147, H% 4.037, HP: 1.464

HN: 7.841, H*: 4.558, HP?/P3: 2.872/2.695

HN: 7.556, H*: 3.484, H*: 4.157

HN: 8.351, H*%: 0.925, H*: 3.133

H® 4.605, H??: 2.069, HP: 2.518, H'*"3: 2.158, H%: 3.811, H*: 3.412

HN: 7.723, H*: 4.471, HPP3: 3,923

HN: 8.152, H*: 4.174, HP¥P3: 3.859/3.513

HN: 7.925, H*: 3.814, H®: 4.259

HN: 8.114, H%: 5.009, HPP3: 1.856, H'***: 1.801/1.660, H/%3: 3.304/3.220, He: 7.486
H* n.d., HP?P3: 1.820/2.346, H'**: 2.017, H%*®: 3.676/3.882

H* 2.607, H®2: 1.329, HP: 0.263, H™*": 1.679, H*%: 3.537

H* 4.324, H?2: 1.860, HP: 2.197, H%: 1.723, H": 1.653, H*: 2.914, H%: 3.119
HN: 7.697, H%: 4.215, HF83: 1.738/1.632, H?3: 1.340, H/%3: 1.621, H*?/#3: 2.939

Exch. = The signal is not detectable due to exchange with solvent protons.
n.d. = The signal is obstructed by the water artifact.
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Table S18. *C chemical shifts of AMTC26-4.
# AA Proton: Shift / ppm

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

ATTTRQULTOQUPCOZOPKAARCHORT R

C(}
CU.

C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*

:54.8, CP
:62.1, CP
58.1, CP
n.d., CP:

54.6, CP
n.d., CP:
439

433

n.d., CP:
59.2, CP
60.1, CP
453

n.d., CP:
n.d., CP:
60.3, CP
62.6, CP
57.6, CP

61.9, CP:
57.8, CP:
58.9, CP:
59.1, CP:
62.9, CP:
55.1, CP:
58.2, CP:
62.0, CP:
57.8, CP:

:31.2,C:26.4,C%42.8

:39.1,C": 27.3,C%: 13.7, C%: 17.7
:32.8,C": 252, C%29.4, C&: 42.2
40.6

39.7, C% 131.7, C& 131.4, C% 130.1
41.5,CY: 27.0, C%*: 25.3, C¥: 23.1
30.3,C":27.1,C% 43.3

32.5,C": 259, C%29.3, C:: 42.5
38.1, C% 132.9, C: 118.4

17.9

28.3, C": 33.8

27.6,C%:127.4, C%: 114.2, C"*: 123.7, C: 120.6, C*: 122.8
42.0,C": 26.2, C%: 259, C?:23.2

2 17.7

40.7

32.0, C: 27.4, C%: 50.9
:63.1
165.1

31.0,C": 27.0, C% 43.4
30.6, C: 27.2, C®: 50.6
:28.9,C":26.7, C% 49.7
:32.1,C": 26.7, C% 49.5
:34.9,C":24.7,C% 29.3, C%: 42.5

n.d. = The signal is obstructed by the water artifact.
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Table S19. 'H chemical shifts of AMTC27-6.
# AA Proton: Shift / ppm

01
02
03
04
05
06
07
08
09
10
11
12
13

14
15
16
17
18
19
20
21
22
23
24
25
26
27

SOAKORAT " AT O

ATTTIQOQUNYNTOOO R

HN:
HN:
HN:
HN:
HN:
HN:
HN:
HN:
HN:
HN:
HN:
HN:
HN:
H3":
HN:
HN:
HN:
HN:
HN:

H*

HN:
HN:
HN:
HN:

H*
H*
H*

HN:

exch., H*?/*%: 3.856

exch., H*: 4.232, HP: 1.826, H"'¥"3: 1.463/1.178, H%'": 0.864, H"*: 0.889
8.387, H*: 4.072, HP: 2.016, H™: 0.958, H": 0.899

8.473, H* 4.306, HF#: 1.687, H*3: 1.561/1.464, H%*/%3: 3.131, H*: 7.168
8.209, H*: 4.113, HP: 1.783, H"'¥"'3: 1.413/1.137, H%'": 0.822, H"*: 0.826
8.502, H*: 4.553, HF¥P3: 3.083/3.061, H% 7.203, H: 7.274, H: 7.208

8.357, H*: 4.156, HP¥#3: 1.822/1.776, H™3: 1.469/1.389, H¥%3: 1.684, H¥%3: 2.977

8.216, H*: 4.167, HP¥P: 1.818, H*": 1.650/1.575, H®%: 3.190, H*: 7.178
8.304, H*: 4.267, HPP: 1.690/1.443, H": 1.646, H>: 0.917, H¥: 0.860
8.415, H*: 4.279, HP#: 2.991/2.816, H: 7.016, H®: 6.796

8.197, H*: 4.043, HP¥P3: 1,778, H'***: 1.448/1.366, H*/%: 1.666, H*/*: 2.950
8.085, H*: 4.079, HP¥P3: 2,045, H'*"*: 2.320, H2"22: 7.661/6.882

8.073, H*: 4.463, H": 3.177, HP: 3.380,

7.121, H®': 9.956, H®: 7.352, H"%: 7.222, H®: 7.311, H®: 7.121

8.102, H%: 3.862, HP#: 1.677/1.420, H": 1.510, H*: 0.897, H¥: 0.827
8.072, H%: 4.051, HP#3: 1.861/1.792, H?3: 1.428, H/%: 1,663, H*?%3: 2.977
8.128, H%: 4.557, HP#3: 2.795/2.682

7.915, H*?'3: 4,039/3.729

8.281, H*?'*: 3.609

4.520, HP?P3: 2.393/2.016, H**: 2.077, H%®: 3.703/3.490

8.125, H*: 4.465, HPP: 3.904

8.216, H*: 4.308, HPP: 3.892/3.697

8.153, H**'*: 4.103/3.892

8.093, H*: 4.816, HP¥P: 1.804, H"*"*: 1.682, H%?/: 3.221, H*: 7.331

4.706, HP?/B3: 2.324/1.839, H'**: 2.015, H%®: 3.842/3.624

br., HP?83: 1.632/1.377, H**: 1.877, H%?/%: 3.672/3.576

4.360, HP?P3: 2.237/1.943, H'**3: 1.918/1.877, H/%3: 3.473/3.293

7.830, H% 4.114, HP*P: 1.772/1.673, H™73: 1.383, H33: 1.675, H¥$3: 2.974

Exch. = The signal is not detectable due to exchange with solvent protons.
br. = The signal is not detectable due to excessive line broadening.
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Table S20. 3C chemical shifts of AMTC27-6.
# AA Proton: Shift / ppm

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

ATTTRQULLTOQAUARACCOZOAKORRAT T I IO

C(}
CU.

C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*

1433

:61.3, CP: 39.0, C"': 27.3, C¥: 13.0, C*: 17.6
62.7, CP: 32.5, C™: 21.0, C™: 21.1

56.0, CP: 31.1,C": 27.2, C%: 43 .4

61.0, CP: 38.9, C"': 27.2, C¥: 12.6, C*%: 17.5
58.5, CP: 39.7, C%: 131.8, C? 131.5, C% 129.9
57.4,CP: 32,9, C: 25.0, C%: 29.3, C%: 42.2
57.5, CP: 30.5,CY: 27.3,C% 43.5

56.0, CP: 42.4, C: 27.0, C*: 25.2, C»: 23.1
59.5, CP: 38.8, C%: 133.1, C*: 118.3

58.0, CP: 32.9, C": 24.9, C%: 29.3, C&: 42.2
57.3,CP:29.1, C": 33.7

59.1, CP: 28.7, C3': 127.4, C*: 114.6, C"*: 124.4, C#: 120.8, C: 122.4
56.1, CP: 42.3, C: 26.9, C%: 25.3, C¥»: 23.4
57.8, CP: 32.6, C": 24.8, C%: 29.3, C*: 42.2
nd., CP: 41.1

448

439

64.4,CP: 32,1, C": 27.4, C% 50.3

59.1, CP: 63.7

59.2, CP: 64.5

45.2

n.d., C 30.5, C": 26.9, C%: 43.5

n.d., C% 30.7, C: 27.3, C% 50.6

br., CP: 29.3, C: 27.2, C% 50.3

62.9, CP: 32.0, C": 27.2, C3: 50.1

57.8, CP: 33.8, C": 24.8, C%: 29.3, C*: 42.2

n.d. = The signal is obstructed by the water artifact.
br. = The signal is not detectable due to excessive line broadening.
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Table S21. 'H chemical shifts of AMTC24-5.
# AA Proton: Shift / ppm

01
02
03
04
05
06
07
08
09
10

11
12
13
14
15
16
17
18
19
20
21
22
23
24

SORRCRAT—O

ATTTI QT OQORC

HN: exch., H?/*%: 3.841

HN: exch., H% 4.184, HP: 1.807, H"'?'3: 1.351/1.131, H®': 0.840, H"*: 0.857

HN: 8.476, H*: 4.525, HF¥P3: 3.103/3.076, H®: 7.205, H?: 7.280, H%: 7.205

HN: 8.328, H™: 4.142, HF¥P3: 1.810/1.755, H¥*3; 1.464/1.370, H3%3: 1.680, H?¥%3: 2.976
HN: 8.153, H*: 4.142, HF¥P3: 1.810, H?73: 1.651/1.566, H%/%3: 3.189, H?: 7.167
HN: 8.321, H*: 4.260, HF>P3: 1.681/1.434, H': 1.648, H*: 0.921, H¥: 0.859

HN: 8.449, H*: 4.261, HF¥#3: 2.969/2.785, H®: 7.011, H?: 6.805

HN: 8.202, H*: 4.040, HP¥P3: 1.774, H'?*3: 1.445/1.364, H%/: 1.666, H*¥%: 2.949
HN: 8.073, H*: 4.073, HP¥P3: 2.048, H"?*3: 2.321, H*?V¥22: 7.666/6.884

HN: 8.074, H*: 4.460, HP*: 3.176, H?: 3.380,

H%': 7.117, H?': 9.949, H%: 7.349, H": 7.223, H®: 7.305, H®: 7.123

HN: 8.109, H*: 3.852, HP¥P3: 1.678/1.422, H: 1.510, H%*: 0.898, H»: 0.826

HN: 8.076, H*: 4.047, HP¥P3: 1.861/1.799, H'*73: 1.424, H%/3: 1.662, H?¥%: 2.977
HN: 8.123, H*: 4.557, HF¥P3: 2.798/2.682

HN: 7.905, H®/®3: 4.042/3.722

HN: 8.288, H®%: 3.601

H® 4.522, HP?P3: 2.395/2.016, H"?73: 2.080, H%3; 3.706/3.490

HN: 8.115, H*: 4.467, HF¥#3: 3.906

HN: 8.212, H*: 4.304, HF¥P3: 3.889/3.690

HN: 8.150, H*'*®3: 4.109/3.889

HN: 8.096, H*: 4.825, HP¥P3: 1.807, H"?*3: 1.689, H¥/%3: 3.218, H*: 7.337

H® 4.709, HP?P3: 2.326/1.840, H"*"3: 2.015, H%: 3.842/3.626

H® br., H?P3: 1.628/1.360, H"*"3: 1.872, H/: 3.669/3.576

H® 4.359, HP?P3: 2.188/1.938, H"?3: 1.864, H*%: 3.455/3.281

HN: 7.812, H*: 4.124, HF¥P3: 1.759/1.666, H¥13; 1.376, H%/%3: 1.662, H?¥%3: 2.968

Exch. = The signal is not detectable due to exchange with solvent protons.
br. = The signal is not detectable due to excessive line broadening.
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Table S22. 3C chemical shifts of AMTC24-5.
# AA Proton: Shift / ppm

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

ATTTRQULNTOQUAOZOARAKORIAT ™ Q

C(}
CU.

C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*
C*

:43.5

:61.5, CP;
58.9, CP:
57.5, CP;
57.5, CP;
56.0, CP:
59.8, CP:
57.9, CP:
57.2, CP:
59.3, CP:
56.4, CP:
57.8, CP:
54.6, CP:

44.5
44.0

45.4

63.9, CP:
59.1, CP:
59.5, CP:

38.9,C:27.2,C%: 13.2,C2: 17.5
39.5,C% 131.8, C® 131.5, C% 129.9
32.8,C":25.0,C%29.3,C* 42.2
30.4,C:27.2,C% 43.5

42.5, C: 26.6, C>*: 25.2, C¥: 23.1
38.8,C% 133.1,C® 118.3
32.8,(C":24.9,C%29.3,C* 42.2
28.9,C": 33.6

28.6,C%: 127.4,C%: 114.5, C": 124.4,C*: 120.8, C®: 1224
42.3,(C:26.8,C*>:25.4,C»: 23 .4
32.4,C:24.8,C%29.3,C*42.2
41.1

32.1,C": 27.4, C% 50.5
63.6
64.6

n.d., CP: 30.4, C: 26.8, C®: 43.6
n.d., CP: 30.7, C": 27.3, C% 50.8
br., CP: 29.3, C*: 27.1, C% 50.1

62.9, CP:
57.7, CP:

32.0,C": 27.1, C% 50.2
33.9,C:24.8,C%29.3,C* 42.2

n.d. = The signal is obstructed by the water artifact.
br. = The signal is not detectable due to excessive line broadening.
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CD analysis
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Figure S4. CD data.

(a) CD data were recorded at 37 °C and at pH = 5.5. The mean residue molar ellipticity [6]MR is plotted over the
wavelength 4. A negative band at 222 nm is indicative of helicity. (b) The CD sample of AMTC27-6 was adjusted to
pH = 11.5 £+ 1 by the addition of 7 ul 1 M NaOH in water. The CD spectrum was recorded with the same setting as

stated in the Methods section, chapter CD spectroscopy.

Table S23. Concentration of the CD samples.

Peptide

TC-KKA

KR-12

AMTC31-6

Helix19-6

AMTC26-4

AMTC27-6

AMTC24-5

c/ pum

19.2

40.1

20.0°

20.2

37.6

19.2

18.5

Table S24. Parameters of the melting curve fits of TC-KKA, AMTC31-6 and AMTC26-6.

Melting curves of the peptides TC-KKA, AMTC31-6 and AMTC26-4 were fitted with a sigmoidal Boltzmann
function
A1—-Ay
T-Tm, °
1+eCar
where 4; corresponds to the mean residue molar ellipticity [0]MR of the 100% folded state, 4> corresponds to
[6]MR of the 0% folded state, T is the temperature and 71, is the midpoint of thermal unfolding. The fitted functions

were characterized by the following values:

f(T) =4, +

Parameter TC-KKA AMTC31-6 AMTC26-4
A -17623.48837 + 505.60069 -17801.1158 + 190.73718 -17854.42811 + 119.95453
Az -3639.07054 + 210.16976 -4914.96338 + 215.83775 -4145.78212 + 88.46835
Tm 35.93098 +1.12521 43.95979 £ 0.52144 43.29814 +0.29648
dT 14.21237 £1.06117 12.94653 + 0.64696 11.96078 + 0.32063

The midpoint of thermal unfolding (also referred to as melting temperature, 75,) of TC-KKA was determined to be
Tmn=359=%1.1) °C at pH =5.5 £ 0.1 which seems significantly lower than that of TC10b[K8A] (7T = (64 + 2) °C)
or TC10b (T = (58 £2) °C) at pH = 7 (20). Comparison of this 7, to the melting points reported by Barua and co-
workers (20), however, is compounded by a difference in 7 calculations. Using the data points of TC10b, our
method affords a melting point of 7 = (45.4 + 0.9) °C which is an underestimation of approximately 10 °C
compared to Barua et al. (20).
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MIC and MBC results

Table S25: Averaged MIC results and their standard deviation regarding E. coli.

Escherichia coli
pH=7.5,150 MM NaCl | pH=7.5,0mM NaCl | pH=5.5,150 mM NaCl | pH=5.5,0 mM NacCl
Peptide Mic/ StdDev / mic/ StdDev / Mmic/ StdDev / mic/ StdDev /
KM um um KM KM um um KM
TC-KKA >5 0 >5 0 >5 0 >5 0
KR-12 >5 0 0.039 0.0184 >5 0 0.078 0.0184
AMTC31-6 | 0.313 0.059 0.313 0.074 0.039 0.0095 0.078 0.0184
Helix19-6 0.156 0 0.078 0.0368 0.039 0.0145 0.078 0
AMTC26-4 >5 0 >5 0 5 0 2.5 1.18
AMTC27-6 25 0.59 0.313 0 25 1.25 0.313 0.074
AMTC24-5 >5 0 >5 2.5 >5 0 5 24
Melittin 1.25 0.295 0.625 0.147 0.625 0 0.156 0
solvent >5 0 >5 0 >5 0 >5 2.4

Table S26: Averaged MBC results and their standard deviation regarding E. coli.

Escherichia coli

pH=7.5,150 MM NaCl | pH=7.5,0mM NaCl | pH=5.5,150 mM NaCl | pH=5.5,0mM NacCl
Peptide MBC / StdDev / MBC/ StdDev / MBC / StdDev / MBC/ StdDev /
P LY M M L) L) KM KM uv
TC-KKA
KR-12 0.156 0.039 0.313 0.102
AMTC31-6 | 0.313 0 0.313 0.074 0.039 0.0206 0.078 0
Helix19-6 0.156 0.068 0.078 0 0.039 0.0169 0.078 0.0338
AMTC26-4 5 1.9 5 0.9
AMTC27-6 2.5 0.47 0.625 0.153 2.5 1.25 0.313 0
AMTC24-5 >5 25 >5 2.4
Legend
X X is the average MIC or MBC, respectively, rounded to the nearest dilution level.
>X All measurements of the respective MIC or MBC are above the concentration X.
X The average of the respective MIC or MBC is above the concentration X, but individual measurements
may be at or below X.
<X X is the lowest tested concentration and the peptide is active at that concentration.
[empty] The MBC was not determined, because no activity was measured in the corresponding MIC assay. In

case of melittin and solvent, the MBC was never determined.
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Table S27: Averaged MIC results and their standard deviation regarding B. megaterium.

Bacillus megaterium
pH=7.5,150 MM NaCl | pH=7.5,0mM NaCl | pH=5.5,150 mM NaCl [ pH=5.5,0 mM NaCl
Peptide Mic/ StdDev / mic/ StdDev / Mmic/ StdDev / mic/ StdDev /
KM um um KM KM um um KM
TC-KKA >5 0 >5 0 >5 1.9 >5 0
KR-12 0.02 0 <0.002 0 0.078 0.0291 0.002 0.0014
AMTC31-6 0.02 0.0097 0.02 0.0090 0.005 0.0014 0.01 0.0050
Helix19-6 0.039 0 0.078 0.0195 0.002 0.0014 0.039 0.0193
AMTC26-4 2.5 0.47 0.156 0.029 0.625 0.280 0.156 0.074
AMTC27-6 | 0.039 0.0095 0.02 0.0114 0.02 0.0071 0.005 0.0029
AMTC24-5 1.25 0 0.039 0.0145 0.625 0.233 0.078 0.0291
Melittin 0.02 0.0090 0.039 0.0206 0.005 0.0029 0.01
solvent >5 0 >5 0 5 0 5 2.4

Table S28: Averaged MBC results and their standard deviation regarding B. megaterium.

Bacillus megaterium
pH=7.5,150 MM NaCl | pH=7.5,0mM NaCl | pH=5.5,150 mM NaCl | pH=5.5,0mM NacCl
Peptide MBC / StdDev / MBC/ StdDev / MBC / StdDev / MBC/ StdDev /
P um KM KM um um KM KM um
TC-KKA
KR-12 0.02 0 <0.002 0 0.078 0.0338 0.005 0.0015
AMTC31-6 0.02 0.0097 0.02 0.0090 0.005 0.0014 0.01 0.0045
Helix19-6 0.039 0 0.078 0.0169 0.002 0.0013 0.039 0.0169
AMTC26-4 2.5 0 0.156 0.070 0.625 0.280 0.156 0.074
AMTC27-6 0.039 0.0095 0.02 0.0144 0.02 0.0071 0.005 0.0029
AMTC24-5 1.25 0.589 0.039 0.0145 1.25 0.313 0.078 0.0368
Legend
X Xis the average MIC or MBC, respectively, rounded to the nearest dilution level.
>X All measurements of the respective MIC or MBC are above the concentration X.
X The average of the respective MIC or MBC is above the concentration X, but individual measurements
may be at or below X.
<X X is the lowest tested concentration and the peptide is active at that concentration.
[empty] The MBC was not determined, because no activity was measured in the corresponding MIC assay. In

case of melittin and solvent, the MBC was never determined.
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Table S29: Averaged MIC results and their standard deviation regarding S. aureus.

Staphylococcus aureus

pH =7.5, 150 mM NaCl

pH=7.5,0 mM NacCl

pH =5.5, 150 mM NaCl

pH =5.5,0 mM NacCl

Peptide Mic/ StdDev / mic/ StdDev / Mmic/ StdDev / mic/ StdDev /

KM um um KM KM um um KM
TC-KKA >20 0 >10 0 >10 0 >10 0
KR-12 >20 0 10 0 >10 0 >10 0
AMTC31-6 >20 0 10 24 >10 0 >10 0
Helix19-6 0.625 0.116 0.625 0 10 2.5 10 0
AMTC26-4 >20 0 >10 0 >10 0 >10 0
AMTC27-6 20 13.4 2.5 0 >10 0 >10 0
AMTC24-5 >20 0 >10 0 >10 0 >10 0

Melittin 0.313 0.147 0.625 0.190 5 1.3 2.5 0.59
solvent >20 0 >10 0 >10 0 >10 0

Table S30: Averaged MBC results and their standard deviation regarding S. aureus.

Staphylococcus aureus
pH=7.5,150 MM NaCl | pH=7.5,0mM NaCl | pH=5.5,150 mM NaCl | pH=5.5,0mM NacCl
Peptide MBC / StdDev / MBC/ StdDev / MBC / StdDev / MBC/ StdDev /
P um KM KM um um KM KM um
TC-KKA
KR-12 10 4.7
AMTC31-6 10 1.9
Helix19-6 0.625 0.116 0.625 0 10 0 10 0
AMTC26-4
AMTC27-6 >20 0 25 0
AMTC24-5
Legend
X Xis the average MIC or MBC, respectively, rounded to the nearest dilution level.
>X All measurements of the respective MIC or MBC are above the concentration X.
X The average of the respective MIC or MBC is above the concentration X, but individual measurements
may be at or below X.
<X X is the lowest tested concentration and the peptide is active at that concentration.
[empty] The MBC was not determined, because no activity was measured in the corresponding MIC assay. In

case of melittin and solvent, the MBC was never determined.
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Table S31: Averaged MIC results and their standard deviation regarding P. aeruginosa.

Pseudomonas aeruginosa
pH=7.5,150 mM NaCl | pH=7.5,0mM NaCl | pH=5.5,150 mM NaCl [ pH=5.5,0 mM NaCl
Peptide Mic/ StdDev / mic/ StdDev / Mmic/ StdDev / mic/ StdDev /
KM um um KM KM um um KM
TC-KKA >10 0 >10 0 >20 0 >20 0
KR-12 >10 0 2.5 3.54 >20 0 20 0
AMTC31-6 >10 0 10 2.5 10 0 10 0
Helix19-6 1.25 0.466 5 4.0 2.5 0.59 10 2.5
AMTC26-4 >10 0 >10 0 >20 0 >20 10
AMTC27-6 5 2.8 2.5 0.93 10 4.5 5 1.2
AMTC24-5 >10 0 >10 5 >20 9.4 20 10
Melittin >5 2.5 2.5 2.76 10 1.9 5 0
solvent >10 0 >10 0 >20 0 >20 0

Table S32: Averaged MBC results and their standard deviation regarding P. aeruginosa.

Pseudomonas aeruginosa
pH=7.5,150 MM NaCl | pH=7.5,0mM NaCl | pH=5.5,150 mM NaCl | pH=5.5,0mM NacCl
Peptide MBC / StdDev / MBC/ StdDev / MBC / StdDev / MBC/ StdDev /
P um KM KM um um KM KM um
TC-KKA >20 0
KR-12 10 6.1 >20 0 >20 7.5
AMTC31-6 >10 0 >10 3.7 20 10 10 3.7
Helix19-6 2.5 0.54 5 2.7 2.5 1.18 10 2.4
AMTC26-4 >20 10
AMTC27-6 >10 5.6 5 5.7 10 4.7 5 13.3
AMTC24-5 >10 3.7 >20 0 20 12.1
Legend
X Xis the average MIC or MBC, respectively, rounded to the nearest dilution level.
>X All measurements of the respective MIC or MBC are above the concentration X.
X The average of the respective MIC or MBC is above the concentration X, but individual measurements
may be at or below X.
<X X is the lowest tested concentration and the peptide is active at that concentration.
[empty] The MBC was not determined, because no activity was measured in the corresponding MIC assay. In

case of melittin and solvent, the MBC was never determined.
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Hemolysis assay

Table S33: Hemolysis results.

c/uM TC-KKA KR-12 AMTC31-6 | Helix19-6 | AMTC26-4 | AMTC27-6 | AMTC24-5 | Melittin
80 0 0 4 1 9 0
40 0 0 3 61 0 3 0
20 0 0 2 30 0 1 0
10 0 0 0 15 0 0 0
5 0 0 0 8 0 0 0
2.5 0 0 0 3 0 0 0
1.25 0 0 0 1 0 0 0
0.625 0 0 0 0 0 0 0
0.313 0 0 0 0 0 0 0
0.156 0 0 0 0 0 0 0
0.078 0 0 0 0 0 0 0

0.039 0 0 0 0 0 0 0 0

The hemolytic activity of all peptides at different concentrations is given in %. Osmolysis of erythrocytes is defined

as 100% activity.

Liposome depolarization assay
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Figure SS. Liposome depolarization assay.
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Fluorescence intensity / is plotted over the time ¢ for AMTC31-6, for the control alamethicin and for the solvent

(10 mM HCl in water). At first, a cationic fluorescent dye is dissolved freely resulting in high fluorescence (/ = 200
a.u.). The fluorescence drops to zero every time the cuvette is taken out of the spectrometer, e.g. for the addition of
valinomycin. Valinomycin-mediated K*-transport across the liposome membrane along the K* concentration
gradient leads to the build-up of an electrostatic potential across the membrane driving the cationic dye into the
liposomes where the fluorescence is quenched (/ = 40 a.u.). Addition of a pore-forming peptide such as AMTC31-6
(at £ = 0) dissipates the diffusion potential resulting in a fluorescence recovery compared to mere addition of solvent.
5% recovery after 60 s are defined as 1 U.
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Enzymatic degradation analysis

Detailed trypsin and chymotrypsin fragment analyses at 25 °C

Analysis of the cleavability of peptide bonds was achieved by comparison of identical fragments between
different peptides, as well as by analyzing the relative rates of fragment formation and degradation e.g. by
correlating the time at which the parent peptide was completely degraded with the time points at which certain
fragments reach their maximum concentration. Note that the ion counts of different fragments are not directly
comparable (An example is given in Figure S6b) because some fragments may be ionized (and therefore detected) at
a higher ratio than others and because only the most common proton-adducts, but no adducts with metal ions (Na®,
K", Ca™) were included in the compound database.
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a Trypsin digest of AMTC31-6 at 25 °C with formation and further degradation of fragments.

lon count

b Trypsin digest of Helix19-6 at 25 °C with formation and further degradation of fragments.
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Figure S6: Fragment analysis of the trypsin digests of AMTC31-6 and Helix19-6 at 25 °C.

The average formation and further degradation of fragments of AMTC31-6 (a) and Helix19-6 (b) resulting from the
trypsin digest at 25 °C is shown on a linear scale (left) and on a logarithmic scale (right). The average ion count of
the proton adducts of the parent and of each fragment is plotted over the time.

The data show that the main cleavage site of AMTC31-6 is R6-17. The same cleavage site is hydrolyzed at a slightly
higher rate in Helix19-6, indicated by the maximum of the corresponding fragment KRIVQR (®) which is reached
earlier in Helix19-6 than in AMTC31-6. The cleavage sites R12-K13 and K13-Y 14 are not easily scissile in
AMTC31-6 as shown by the slow decrease of IKDFLRKYAQWLADGGPSSGRPPPK (A, panel a) and slow
increase of KYAQWLADGGPSSGRPPPK (@, panel a) and YAQWLADGGPSSGRPPPK (P, panel a). The same
cleavage sites in Helix19-6 are cleaved much faster as evidenced by the fast decrease of the fragment
IKDFLRKYAQWLA-NH; (A, panel b) and because the fragments KYAQWLA-NH, (@, panel b) and
YAQWLA-NH; (P, panel b) reach their maximum substantially faster than their counterparts in the digest of
AMTC31-6. The fragment KR (®) is formed at the same rate in both digests, as the N-terminal stretch is disordered
in AMTC31-6 and Helix19-6.
Regarding the comparability of the ion counts of different fragments: In panel b, the fragment KRIVQR (®) has a
far lower ion count than its complement IKDFLRKYAQWLADGGPSSGRPPPK (A) even though KRIVQR should
have a slightly higher concentration because (i) both fragments are formed by the same cleavage of AMTC31-6 and
(i1) KRIVQR is degraded slower than IKDFLRKY AQWLADGGPSSGRPPPK. This shows that ion counts of
different fragments are not directly comparable. Comparison of the ion count of identical fragments between
different digests is, however, possible.
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a Chymotrypsin digest of AMTC31-6 with formation and further degradation of fragments.
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b Chymotrypsin digest of Helix19-6 with formation and further degradation of fragments.
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Figure S7: Fragment analysis of the chymotrypsin digests of AMTC31-6 and Helix19-6.

The average formation and further degradation of fragments of AMTC31-6 (a) and Helix19-6 (b) resulting from the
chymotrypsin digest is shown on a linear scale (left) and on a logarithmic scale (right). The average ion count of the
proton adducts of the parent and of each fragment is plotted over the time.

The formation of KRIVQ (®) is equally fast in AMTC31-6 and Helix19-6 and the cleavage site Q5-R6 is therefore
not stabilized in AMTC31-6. The fragment KRIVQRIKDF (V¥), however, is formed a little faster in Helix19-6 than
in AMTC31-6. The cleavage sites W17-L18 is cleaved much faster in Helix19-6 than in AMTC31-6, as evidenced
by the extremely fast formation of the fragment LA-NH> (@, panel b) reaching its maximum after 2 h compared to
the slow increase of its counterpart LADGGPSSGRPPPK (@, panel a). Further evidence is provided by the rapid
formation of the fragment KRIVQRIKDFLRKYAQW (®) in panel b compared to its slow increase in panel a
Similar to the W17-L18 bond, the Y14-A15 bond is also cleaved faster in Helix19-6. For instance, the fragment
KRIVQRIKDFLRKY (®) is formed faster in panel b than in panel a
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a Trypsin digest of KR-12 at 25 °C with formation and further degradation of fragments.
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b Chymotrypsin digest of KR-12 with formation and further degradation of fragments.
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Figure S8. Fragment analysis of KR-12.

The average formation and further degradation of fragments of KR-12 resulting from the trypsin digest at 25 °C (a)
and from the chymotrypsin digest (b) is plotted on a linear scale (left) and on a logarithmic scale (right). (a) The
cleavage site R6-17 is the most scissile cleavage site. The maximum ion count of the fragments resulting from that
cleavage, i.e. KRIVQR (@) and IKDFLR-NH; (A), is reached after approximately two hours, which is equal to the
digest of Helix19-6 (Figure 5c). Subsequently, the KRIVQR (®) fragment is digested into KR (¥) and IVQR (<),
while the IKDFLR-NH, (A) fragment is deamidated into IKDFLR (+). (b) The cleavage of KR-12 by
chymotrypsin is very low, as indicated by the low increase of fragments. Nonetheless, the parent peptide ion count is
dropping relatively fast in the second half of the digest. If this was due to a higher cleavage rate by chymotrypsin,
the rate of fragment formation should increase at the same time. However, the rate of fragment formation seems to
be slowed in the second half of the digest as well. This implies a methodical error probably resulting from an
inhomogeneity, i.e. a concentration gradient of the peptide or enzyme in the sample. This methodical error has no
impact on the evaluability of the digest, as all fragments are equally affected.
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a Trypsin digest of AMTC26-4 at 25 °C with formation and further degradation of fragments. AMTC26-4 = RIKDFLRKYAQWLADGGPSSGRPPPK
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b Chymotrypsin digest of AMTC26-4 with formation and further degradation of fragments. AMTC26-4 = RIKDFLRKYAQWLADGGPSSGRPPPK
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Figure S9. Fragment analysis of AMTC26-4.

The average formation and further degradation of fragments of AMTC26-4 resulting from the trypsin digest at 25 °C
(a) and from the chymotrypsin digest (b) is plotted on a linear scale (left) and on a logarithmic scale (right). (a) Both
fragments resulting from the K8-Y9 cleavage, i.e. RIKDFLRK (green triangles pointing down) and
YAQWLADGGPSSGRPPPK (purple diamonds), have higher ion counts than their counterparts resulting from the
R7-K8 cleavage, i.e. RIKDFLR (®) and KYAQWLADGGPSSGRPPPK (A). This indicates that the K8-Y9
cleavage is somewhat more favorable. The digest of the parent peptide is very slow because both cleavage sites are
constrained in an a-helical conformation. (b) The cleavage of AMTC26-4 by chymotrypsin similarly slow due to its
high fold stability. The Y9-A10 and W12-L13 peptide bonds seem most scissile. Compared to RIKDFLRKY () the
RIKDFLRKYAQW fragment (®) is rising first and then dropping after approximately 4 h because it is degraded
primarily to RIKDFLRKY and AQW (—). In contrast, the constantly rising ion count of RIKDFLRKY (<) shows
that this fragment is degraded much slower than it is formed. This implies a lower cleavability of the F5-L6 peptide
bond compared to Y9-A10 and W12-L13.
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a Trypsin digest of AMTC27-6 at 25 °C with formation and further degradation of fragments. AMTC27-6 = GIVRIFKRLYKQWLKDGGPSSGRPPPK
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b Trypsin digest of AMTC24-5 at 25 °C with formation and further degradation of fragments. AMTC24-5 = GIFKRLYKQWLKDGGPSSGRPPPK
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Figure S10. Fragment analysis of the trypsin digests of AMTC27-6 and AMTC24-5 at 25 °C.

The average formation and further degradation of fragments of AMTC27-6 (a) and AMTC24-5 (b) resulting from
the trypsin digest at 25 °C is shown on a linear scale (left) and on a logarithmic scale (right). (a) AMTC27-6
presents four highly cleavable peptide bonds to trypsin, i.e. R8-L9, R4-15, K7-R8, and K11-Q12, resulting in many
different fragments compounding the identification of the most susceptible cleavage site. The small fragments GIVR
(—) and IFKR (®) are end products of the digest and reach their maximum after approximately 5 h. The fact that
fragments of the K7-R8 cleavage sites GIVRIFK (®), RLYKQWLKDGGPSSGRPPPK (A), RLYK (®) and IFK (
) have all lower ion counts than their analogs of the cleavage site R8-L9 GIVRIFKR (V),
LYKQWLKDGGPSSGRPPPK (@), LYK (@) and IFKR (®) is a strong indicator, that the R8-L9 cleavage site is
more scissile. The fact that GIVRIFKR (V) and GIVRIFK (®) are both reaching their maximum very early suggest
that they are directly formed from the parent peptide. Subsequently, they are both cleaved at the R4-15 bond. The
fact that GIVRIFKR (V) decreases faster than GIVRIFK (®) might indicate that some of the GIVRIFKR (V) is
cleaved at the K7-R8 bond instead. Since all fragments derived from the K11-Q12 cleavage have low ion counts,
this cleavage seems to be of lower cleavability. (b) The degradation of the parent peptide AMTC24-5 (M, panel b) is
much slower than that of AMTC27-6 (M, panel a). Similar to the digestion of AMTC27-6, AMTC24-5 is most
frequently cleaved at the R5-L6 peptide bond (corresponding to R8-L9 in AMTC27-6). However, the ion counts of
the fragment RLYKQWLKDGGPSSGRPPPK (A) are much lower in panel b indicating a reduced cleavability of
the K4-R5 cleavage site compared to its equivalent K7-R8 in AMTC27-6.
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a Chymotrypsin digest of AMTC27-6 with formation and further degradation of fragments.
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b Chymotrypsin digest of AMTC24-5 with formation and further degradation of fragments.
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Figure S11. Fragment analysis of the chymotrypsin digests of AMTC27-6 and AMTC24-5.

The average formation and further degradation of fragments of AMTC27-6 (a) and AMTC24-5 (b) resulting from
the chymotrypsin digest at 25 °C is shown on a linear scale (left) and on a logarithmic scale (right). (a) Since the
fragment GIVRIF (®) reaches its maximum just as fast as the parent peptide AMTC27-6 (M, panel a) is degraded,
this cleavage is mainly responsible for the immediate degradation of AMTC27-6. The resulting fragment
KRLYKQWLKDGGPSSGRPPPK (A) is subsequently cleaved into KRLY (®) and KQWLKDGGPSSGRPPPK

( ®) and to a lower extend into KRLYKQW (%) and LKDGGPSS

GRPPPK (»). (b) The F3-K4 cleavage site in

AMTC24-5 is charactarized by drastically lower cleavability compared to its counterpart in AMTC27-6 (F6-K7)

leading to a higher proteolytic resiliance of AMTC24-5 (M, panel b

). Moreover, also the Y7-K8 (corresponding to

Y10-K11 in AMTC27-6) seems to have a somewhat reduced cleavability since the fragment

KQWLKDGGPSSGRPPPK (#) reaches its maximum later in pane

1 b compared to panel a.
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Figure S12. Fragment analysis of the chymotrypsin digest of TC-KKA.
The average formation and further degradation of fragments of TC-KKA resulting from the chymotrypsin digest at

25 °C is shown on a linear scale (top) and on a logarithmic scale (bottom). The sequence of the parent peptide

TC-KKA is DKYAQWLADGGPSSGRPPPK.
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Table S34. Linear region and resulting & obtained from the trypsin digest at 25 °C.

Peptide Iin(?ar slope StdErr slope k_ StdErr k
region / uM/h / uM/h /st /st
TC-KKA @ n.d.

KR-12° exp -10.32 + 1.34 5.73 + 0.74
AMTC31-6 15h -2.65 + 0.21 1.47 + 0.12
Helix19-6 ° exp -10.10 + 1.02 5.61 * 0.57
AMTC26-4 9h -0.74 + 0.02 0.41 + 0.01
AMTC27-6 1h -4.08 + 0.30 2.27 + 0.17
AMTC24-5 1h -2.14 + 0.48 1.19 + 0.27

The linear region is the time when the decrease of the parent peptide concentration is linear. “exp” marks an
exponential decay with no apparent linear region. In this case the linear region was approximated by using the data
points at # and ¢ = 0.25. The initial turnover frequency k was calculated from the slope of the function that was fitted
to all data points in the linear region. k (+ the standard deviation resulting from the fit) is the number of parent
peptides that are cleaved by one enzyme molecule per second at the beginning of the assay.

a) TC-KKA was not digested by trypsin at 37 °C, therefore it was not included in trypsin digests at 25 °C.

b) KR-12 and Helix19-6 show only exponential degradation. The linear region can only be approximated by using
the data points of # =0 and # = 0.25 h.

Table S35. Linear region and resulting & obtained from the chymotrypsin digest.

Peptide linear slope StdErr slope k StdErr k
P region / uM/h / uM/h /st /st
TC-KKA 9h -0.24 + 0.03 0.026 £ 0.003
KR-12 2 9h -0.41 + 0.04 0.045 + 0.005
AMTC31-6 9h -0.87 + 0.01 0.097 + 0.001
Helix19-6 exp -7.59 + 3.04 0.843 ¢ 0.338
AMTC26-4 ¢ 9h -0.76 + 0.02 0.085 + 0.002
AMTC27-6° exp -20.05 + 2.02 2,228 0.225
AMTC24-5 2h -2.88 + 0.10 0.320 £ 0.011

The linear region is the time when the decrease of the parent peptide concentration is linear. “exp” marks an
exponential decay with no apparent linear region. In this case the linear region was approximated by using the data
points at 7o and # = 0.25. The initial turnover frequency k was calculated from the slope of the function that was fitted
to all data points in the linear region. & (+ the standard deviation resulting from the fit) is the number of parent
peptides that are cleaved by one enzyme molecule per second at the beginning of the assay.

a) KR-12 and AMTC26-4 show peculiar digest curves with increasing digest rates over time. The linear function
was therefore fitted to all data points to get an average degradation rate.

b) Helix19-6 and AMTC27-6 show only exponential degradation. The linear region can only be approximated by
using the data points of =0 and = 0.25 h.
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Figure S13. Quantitative trypsin digests of the parent peptides at 25 °C.

Each digest was performed in triplicate except the digest of AMTC27-6 which was performed four times. The
concentrations of the parent peptide are plotted over the time.
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Trypsin digest at 37 °C

Table S36: Linear region and resulting k obtained from the trypsin digest at 37 °C.

Peptide Iinc?ar slope StdErr slope k- StdErr k
region / uM/h / uM/h /st /st

TC-KKA ? 9h 0.13 + 0.03 0(-0.07) * 0(0.02)
KR-12 ° exp -16.20 + 4.56 9.00 + 253
AMTC31-6 0.5h -6.27 + 0.29 3.48 + 0.16
Helix19-6 ° exp -15.56 + 1.20 8.64 + 0.66
AMTC26-4 3.75h -1.60 + 0.02 0.89 + 0.01
AMTC27-6" exp -10.78 + 1.79 5.99 * 1.00
AMTC24-5 1lh -4.45 + 0.31 2.47 + 0.17

The linear region is the time when the decrease of the parent peptide concentration is linear. “exp” marks an
exponential decay with no apparent linear region. In this case the linear region was approximated by using the data
points at 7o and # = 0.25. The initial turnover frequency k was calculated from the slope of the function that was fitted
to all data points in the linear region. & (+ the standard deviation resulting from the fit) is the number of parent
peptides that are cleaved by one enzyme molecule per second at the beginning of the assay.

a) TC-KKA was not digested by trypsin, but the concentration was slightly increasing over time (probably due to
evaporation, cf. Figure S15). Therefore, the slope is positive, but & is given as 0. The apparent k£ one would get from
the slope of the fitted function is given in parentheses.

b) KR-12, Helix19-6 and AMTC27-6 show only exponential degradation. The linear region can only be
approximated by using the data points of =0 and = 0.25 h.
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Figure S15. Quantitative trypsin digests of the
parent peptides at 37 °C.

Each digest was performed in triplicate. The
concentrations of the parent peptide are plotted over the
time. Note that the peptide TC-KKA (top left) was
completely resistant to the trypsin digest. The apparent
increase in concentration is presumably due to an
increasingly reduced volume of the sample (because of
the 5 ul withdrawal by the autosampler) over time in
combination with some evaporation of solvent.
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Analysis of trypsin cleavage sites at 37 °C
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Figure S16. Fragment analysis of the trypsin digest of KR-12 at 37 °C.

The average formation and further degradation of fragments of KR-12 resulting from the trypsin digest at 37 °C is

shown on a linear scale (top) and on a logarithmic scale (bottom). The sequence of the parent peptide KR-12 is

KRIVQRIKDFLR-NH,.

S44



6.00E+009 -

)
] e
099
5.00E+009 - .
9
] S
00
4.00E+009 °°°
g 1" Ahaa, °
A Ao »
§ 3.008+009 - A od, ae®?®®?
c ., ° A, . oo
kel ] ° R "."
v 0 Jaat
#0000 ° o Aa NS dde
0g00®g0000e >
] A = ° ° g Oootbtg"......
> A eeoo
oL o° S .
1.00E+009 4 , ©7 o »> ““,%hg%fg*
A
0.00E+000
09
QQOOQOQOOQOOQOOOQ
.'A‘AAAAsaéﬂgxigoagx ..o.-ca...oo.::
e 93:8"::!!»'”;6&;;; ig;ii;;;;
> - so0e
A.o.:!."“.oooo;;;;%w&% e
.sﬁy PS4 X**X -
*“ " PPYLL L
. eeo?®
V" 4%%x | | . ...“
M .
1E8 ; ¥y o
€ $xYsle0® m
C * v .
3 KK q®V Ak, .
o * [ ] v < ** -
5 o Vo Txm
S 1E7 05X XXy "y .
+ Xy [ ]
o T**L‘Xy\
skt _ 1! 4000 '
= T X \I‘*‘ o
[ ++1 " o
. v * I
¥ KN .
‘ a Vg X
1000000 - v11XX .*
_ Vv'vXVVV vv;;..'
_ 4:§>< v ,V 'v;
mEnR X " -
. = 4+><>< * | |
100000 g T T
0 w1 2 3-4 5 6.%7 8 9
] . &
t/h

- kXX +00*x0VAOGOACDH>POR

AMTC31-6

KRIVQR
IKDFLRKYAQWLADGGPSSGRPPPK
KRIVQRIKDFLR
KYAQWLADGGPSSGRPPPK
KRIVQRIKDFLRK
YAQWLADGGPSSGRPPPK

KR
IVQRIKDFLRKYAQWLADGGPSSGRPPPK
IKDFLR

IKDFLRK

IVQRIKDFLR

IVQRIKDFLRK

IVQR

KRIVQRIK
DFLRKYAQWLADGGPSSGRPPPK
IVQRIK

B- XX +toe0*xO0vVvASOLADIPODR

AMTC31-6

KRIVQR
IKDFLRKYAQWLADGGPSSGRPPPK
KRIVQRIKDFLR
KYAQWLADGGPSSGRPPPK
KRIVQRIKDFLRK
YAQWLADGGPSSGRPPPK

KR
IVQRIKDFLRKYAQWLADGGPSSGRPPPK
IKDFLR

IKDFLRK

IVQRIKDFLR

IVQRIKDFLRK

IVQR

KRIVQRIK
DFLRKYAQWLADGGPSSGRPPPK

IVQRIK

Figure S17. Fragment analysis of the trypsin digest of AMTC31-6 at 37 °C.

The average formation and further degradation of fragments of AMTC31-6 resulting from the trypsin digest at 37 °C
is shown on a linear scale (top) and on a logarithmic scale (bottom). The sequence of the parent peptide AMTC31-6

is KRIVQRIKDFLRKYAQWLADGGPSSGRPPPK.
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Figure S18. Fragment analysis of the trypsin digest of Helix19-6 at 37 °C.

The average formation and further degradation of fragments of Helix19-6 resulting from the trypsin digest at 37 °C
is shown on a linear scale (top) and on a logarithmic scale (bottom). The sequence of the parent peptide Helix19-6 is

KRIVQRIKDFLRKYAQWLA-NHo.
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Figure S19. Fragment analysis of the trypsin digest of AMTC26-4 at 37 °C.

The average formation and further degradation of fragments of AMTC26-4 resulting from the trypsin digest at 37 °C
is shown on a linear scale (top) and on a logarithmic scale (bottom). The sequence of the parent peptide AMTC26-4
is RIKDFLRKYAQWLADGGPSSGRPPPK.
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Figure S20. Fragment analysis of the trypsin digest of AMTC27-6 at 37 °C.

The average formation and further degradation of fragments of AMTC27-6 resulting from the trypsin digest at 37 °C
is shown on a linear scale (top) and on a logarithmic scale (bottom). The sequence of the parent peptide AMTC27-6
is GIVRIFKRLYKQWLKDGGPSSGRPPPK.

S48



6.00E+009

0.00E+000

[
\AA AL
5.00E+009 - ® 000
VVv v
1. .
v
4.00E+009 v
n v
= : v
>
8 3.00E+009 =V
5 ] : ‘QQQ 000""“"
v o 000 .o
2.00E+009 “ ®o0
v []
i * ><><><><><
v‘ = XXxXXXX
1.00E+009 | = xx%
¢ ,;.»%»»»»»»»»»;;;;;
4 » X
‘i ti’ﬁi!iiiﬁii°23222%%%%%”%%§%§%

0 1 2 3 4 5 6 7 8 9

t/h
.l. vvVVVVVVVVVVVVVVVVVVVVVVVVVVV
:‘“.oo0000000000000000000000009.
44 xxxxxxxxXXXX
B4 1 ,;.kxxiﬁﬁﬁr>>>>>>>>>>>>>>>>>
3 >y 00000209 222222282222
"'<‘i .i’; aeesd %%oooooo;;;;o;
> t AAA XX**
N na X eeee
* eeeee
1E8 :;;:gtoa“‘i‘¥¥*'$%§§§$¥¥124ttttx:i+
a— * A
< ¥ T e m
9 + Y
8 3 “++ .‘ 444 L
o N o « -
X ¥ . n
5 B L 44 "
= 1E7 O%Jr . < -
‘e e "
- < | ]
" ‘e AR Pb
] Vg q
* o al
1000000 H * “
.
°®
e®
100000 4= T T T T e Ty
o 1 2 3 4 5 6 7 8 9
t/h

XX+ o0 *XOVASGSLAH»POTR

AMTC24-5

GIFK
RLYKQWLKDGGPSSGRPPPK
GIFKR
LYKQWLKDGGPSSGRPPPK
GIFKRLYK
QWLKDGGPSSGRPPPK
GIFKRLYKQWLK
DGGPSSGRPPPK

RLYK

LYK

RLYKQWLK

LYKQWLK

QWLK

XX+ o0tx@vVvAGOLADIPOR

AMTC24-5

GIFK
RLYKQWLKDGGPSSGRPPPK
GIFKR
LYKQWLKDGGPSSGRPPPK
GIFKRLYK
QWLKDGGPSSGRPPPK
GIFKRLYKQWLK
DGGPSSGRPPPK

RLYK

LYK

RLYKQWLK

LYKQWLK

QWLK

Figure S21. Fragment analysis of the trypsin digest of AMTC24-5 at 37 °C.

The average formation and further degradation of fragments of AMTC24-5 resulting from the trypsin digest at 37 °C
is shown on a linear scale (top) and on a logarithmic scale (bottom). The sequence of the parent peptide AMTC24-5

is GIFKRLYKQWLKDGGPSSGRPPPK.
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Detailed Procedure: Enzymatic degradation monitoring and analysis

The enzymatic degradation monitoring assay was performed in a Protein LoBind 0.5 ml tube placed in the
autosampler of a UHPLC for the entire duration of the reaction to provide a temperature-controlled environment,
occasional shaking of the vial and the possibility to withdraw a sample from the vial and directly analyze it by
UHPLC-MS to monitor the progress of the reaction.

The UHPLC-MS was configured as described in the experimental procedures. The autosampler was adjusted to the
temperature required for the digest. Chymotrypsin digests were performed only at 25 °C as higher temperatures
would increase the risk of autoproteolysis according to the manufacturer. Trypsin digests were performed at 37 °C
and at 25 °C. The tray shake function was set to shake the tray three times prior to sample withdrawal. Each
individual run takes 15 min including tray shake, needle wash, sample withdrawal, sample injection and
chromatogram recording. 5 ul of sample were injected for every measurement.

To reduce the adsorption of peptides to the surface of standard HPLC vials (64), Protein LoBind tubes with a
volume of 0.5 ml (Eppendorf, Hamburg, Germany) served as reaction vessels. To protect the digest from
contamination and to prevent excessive evaporation of buffer, the tubes needed to be sealed with a lid that could be
pierced by the autosampler needle. Incidentally, each well of a sealing mat for 500 pl-deep well plates (Eppendorf,
Hamburg, Germany) fits perfectly onto one 0.5 ml Eppendorf tube. The sealing mat is easily pierced with a needle
and due to its elasticity the puncture site is readily resealed. To produce pierceable lids for the Eppendorf tubes,
sealing mats were cut into 96 equal pieces in a sterile environment. The original lids of the tubes were removed. A
droplet of water was found under the vial lid after each digest indicative of solvent evaporation during the assay,
emphasizing the need of a pierceable lid for this assay. A vortexer (Select BioProducts) and a Sprout mini centrifuge
(2000 g; HeathrowScientific, Vernon Hills, IL, USA) for six 0.5 ml Eppendorf tubes were placed directly next to the
UHPLC-MS. Preparation of buffers, stock solutions, controls and samples was performed with gloves in a sterile
environment to avoid contamination with microorganisms or proteases from other sources (e.g. from the skin).
Buffers and solutions written in ifalic differ between trypsin and chymotrypsin digests; recipes for buffers and
solvents are given below. All buffers and solvents were sterilized by 0.2 pm microfiltration.

Trypsin digest — buffers and solutions.

Reconstitution solution: 50 mM AcOH in water

Reaction buffer: 10 mM NH4HCO3 in water (pH = 7.8)

Trypsin stock solutions: 840 nL of reconstitution solution were added to one glass vial of sequencing grade modified
trypsin (20 pg, 840 pmol; Promega, Madison, W1, USA) to yield a trypsin stock solution of 1 pmol pl ™. 10 ul
single-use aliquots of this trypsin stock solution were filled into 0.5 ml Eppendorf Protein LoBind tubes and stored
at -20 °C until use.

Diluted trypsin solution: Immediately prior to use, a frozen aliquot (10 ul) of trypsin stock solution was thawed and
diluted with 90 ul of trypsin reconstitution solution to a concentration of 0.1 pmol pl!.

Chymotrypsin digest — buffers and solutions.

Reconstitution solution: 1 mM HCl in water

Reaction buffer: 10 mM NH4HCO3 and 1 mM CaCl, in water (pH = 7.8)

Chymotrypsin stock solutions: 500 nL of reconstitution solution were added to one glass vial of sequencing grade
chymotrypsin (25 pg, 1 nmol; Promega, Madison, W1, USA) to yield a chymotrypsin stock solution of 2 pmol pl.
10 pl single-use aliquots of this trypsin stock solution were filled into 0.5 ml Eppendorf Protein LoBind tubes and
stored at -20 °C until use.

Diluted chymotrypsin solution: Immediately prior to use, a frozen aliquot (10 ul) of chymotrypsin stock solution was
thawed and diluted with 30 pl of chymotrypsin reconstitution solution to a concentration of 0.5 pmol pl'.

Calibration curves of the parent peptides. Prior to sample preparation, the UHPLC-MS was prepared to be started
immediately. Calibration samples were prepared at the following concentrations of the parent peptide: 10 uM, 8 um,
6 uM, 4 uM, 2 uM and a blank sample containing no peptide. Initially, three calibration samples at 10 mM peptide
concentration were prepared by adding 1 pl of reconstitution solution and 2 pl of (1 + 0.1) mM peptide stock
solution to 197 pl of reaction buffer. Moreover, a blank sample was created by adding 3 pl of reconstitution solution
to 597 ul of reaction buffer. Calibration samples 8 uM and 2 uM were produced by splitting one of the 10 uM
calibration samples into two fractions of 160 pl and 40 pl and diluting them to 200 pl with 40 pl and 160 pl,
respectively, from the blank sample. Likewise, calibration samples 6 uM and 4 uM were created. The calibration
samples were vortexed twice for 10 s each, centrifuged for 10 s and placed into the autosampler. The sequence was
started and the first sample to be measured was the blank sample. Two minutes before the end of the first
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measurement, all the samples were taken out of the autosampler, vortexed for 10 s, centrifuged for 10 s and
immediately reinserted into the autosampler before the end of the blank run. Afterwards each sample was measured
in the following order: 10 uM, 8 uM, 6 uM, 4 uM, 2 uM, blank. This sequence of measurements was performed a
total of six times in a row.

Digest sample preparation and measurement. Prior to sample preparation, the UHPLC-MS was prepared to be
started immediately. A blank sample was created by adding 1 pl of reconstitution solution to 199 pl of reaction
buffer. Preparation of the control sample was achieved by adding 2 ul of the peptide stock solution and 1 ul of
reconstitution solution to 197 pl of reaction buffer. The digest sample was prepared by adding 2.05 ul of the

(1 £0.1) mM peptide stock solution to 201.95 ul of reaction buffer.

The blank sample and the control sample were vortexed for 10 s twice, centrifuged for 10 s, placed in the
autosampler and the sequence was started.

While the first measurement (blank sample) was running, a single-use aliquot of enzyme stock solution (10 pl) was
diluted with reconstitution solution to gain a diluted enzyme solution, vortexed for 10 s twice and centrifuged for
10 s. Two minutes before the end of the first measurement, the control sample was taken out of the autosampler,
vortexed for 10 s, centrifuged for 10 s and immediately reinserted into the autosampler before the end of the blank
run. One minute before the end of the first measurement, the digest sample was vortexed for 10 s, centrifuged or
10 s and placed into the autosampler before the end of the blank run.

Two minutes before the end of the second measurement (control sample), the digest sample was taken out of the
autosampler, vortexed for 10 s, centrifuged for 10 s and immediately reinserted into the autosampler before the end
of the control sample run. One minute before the end of the control sample run, the diluted enzyme solution was
vortexed for 10 s and centrifuged for 10 s.

The first measurement of the digest sample was performed before any enzyme was added to it (z = 0). Immediately
after the first injection of the digest sample it was taken out of the autosampler and 1 pl of the diluted enzyme
solution is added to it. It was vortexed for 10 s, centrifuged for 10 s and placed back into the autosampler. The final
concentration of trypsin and chymotrypsin in the digest sample was 0.5 nM and 2.5 nM, respectively. Another 36
measurements of the same digest sample were performed in a row (without any further interference). After the

37 injections of the digest sample, the control sample was measured a second time. The digest was only considered
valid and successful, when the control sample showed no traces of digestion, i.e. it was not contaminated with
proteases. The last sample of the sequence was again a blank measurement. Each digest was performed in three
independent measurements. However, the second and the third time, no control sample was used.

Quantitative parent peptide degradation analysis. All chromatograms of the calibration samples as well as those
of the blank, control and digest samples of one parent peptide at the same temperature and with the same enzyme
were processed in the same batch using TraceFinder 4.1 (Thermo Fisher Scientific, Waltham, MA, USA). The
compound library included only the parent peptide, but in multiple adducts (including H', Na*, K*, Ca*") and charge
states (between M2 and M?", depending on the parent peptide). The following adducts with up to three alkali metals
(sodium and/or potassium) were included for all peptides except KR-12: [M + a-H + b-Na + ¢'K]"" where

a,b,c € Noand a + b+ ¢ =nwith b + ¢ < 3. However, the possible charge states n vary with each parent peptide
(see list below).

Peptide neE

TC-KKA {2,3,4,5}
AMTC31-6 {3,4...8}
Helix19-6 {2,3...6}
AMTC26-4 {2,3...7}
AMTC27-6 {3,4...8}
AMTC24-5 {2,3,...7}

For large analytes (i.e. all parent peptides except KR-12), the difference between [M + H + K]** and [M + Ca]*" is
below 5 ppm and therefore in the range of the precision of mass detection (< 5 ppm). Therefore, adducts including
H'+K" or Ca?" are not discernable. To prevent TraceFinder from counting the same peak twice (i.e. as an adduct
with H+K" and as an adduct with Ca?*), only the H+K* adducts were included in the compound database, but the
tolerance was adjusted high enough to include Ca?" adducts as well, resulting in the following mass tolerances:
TC-KKA: 9.13 ppm, AMTC31-6: 7.49 ppm, Helix19-6: 8.61 ppm, AMTC26-4: 8.00 ppm, AMTC27-6: 7.87 ppm,
AMTC24-5: 8.25 ppm.

In the case of KR-12, the difference between adducts of H+K* and of Ca?" is larger than 5 ppm, so those adducts
are discernable. In consequence, Ca®* adducts were also included in the compound database of KR-12, which
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comprised the following adducts: [KR-12 + a'H + b-Na + ¢'K + d-Ca]" where a, b,c,d ENoanda + b+ c+2d=n
withn € {2,3,4,5} and b+ c+2d <3.
The retention time of the parent peptide was determined prior to TraceFinder analysis. A deviation of the retention
time of = 15 s (i.e. retention time window = 30 s) was allowed for the analysis. The peak area threshold was set to
100,000. The genesis algorithm was applied using the “highest peak” strategy to identify peaks within an extraction
window of 3 min around the retention time. The minimum peak height (S/N) was 3 and the peak S/N cutoff was set
to 10,000. Ratios, Isotopes and Suitability analysis was not enabled. Calibration levels were 10 uM, 8 uM, 6 um,
4 uM and 2 pM. Blank samples were not used to represent O uM, instead the linear calibration curve was forced to go
through the origin (0 | 0). All calibration levels and measurements were weighted equally. The analysis results were
exported as MS Excel sheets. The data of each replicate was plotted and analyzed with Origin 2021 (Additive,
Friedrichsdorf, Germany). The plots are depicted in Figure 4 (averaged) and in Figures S11-S13 (individual digests).
To compare the resistance against enzymatic degradation of each parent peptide, the initial turnover frequency k was
determined for each assay. k was calculated from the initial slope of the digest when the influence of the fragments
on the digest is low. When the plot displays a linear region, the slope of the parent peptide concentration was
determined by fitting a linear function to linear region of the digest plot. When the digest plots had no linear region,
but an exponential appearance, the linear function was fitted only to the data points at o =¢=0h and t=0.25 h to
determine the initial rate and to approximate k. k in [s™'] was calculated from the slope in [uM h''] of the linear
region with the formula

_ (5

c(enzyme) ’

where c(enzyme) is the concentration of the respective enzyme in [uM]. Note that £ is most likely lower than the
turnover number kc,: Which is by definition determined at vmax i.e. when the enzyme is saturated with substrate;
presumably an unmet condition in this assay.

Analysis of cleavage sites. All fragments that might theoretically occur during the digest were identified based on
the sequence of the parent peptide and based on the enzyme’s cleavage ability as reported by the manufacturer. The
raw data of the digests were manually searched for all the identified theoretical fragments with Freestyle 1.3 SP2
build 22 (Thermo Fisher Scientific, Waltham, MA, USA) to check which charge states of each fragment are the
most common and to identify their retention time. One to four different proton adducts with high peak intensities of
each fragment [M + n-H]" were included in the compound database of TraceFinder 4.1 (Thermo Fisher Scientific,
Waltham, MA, USA). To monitor the formation and further degradation of the fragments over time, the digest data
were processed with TraceFinder similar to the method described in the chapter Quantitative parent peptide
degradation analysis, i.e. including the peak integration but without the quantitation step as no calibration samples
were available for the fragments. The ion counts for each fragment were averaged over all replicates of the
respective assay. Analysis of the cleavability of peptide bonds was achieved by comparison of identical fragments
between different peptides, as well as by analyzing the relative rates of fragment formation and degradation e.g. by
correlating the time at which the parent peptide was completely degraded with the time points at which certain
fragments reach their maximum concentration. Especially terminal fragments that require only one cleavage to be
formed are very informative in this regard. Note that the ion counts (i.e. peak intensities) of different fragments are
not directly comparable because some fragments may be ionized (and therefore detected) at a higher ratio than
others and because only the most common proton-adducts, but no adducts with metal ions (Na*, K*, Ca*") were
included in the compound database. This is exemplified in Figure S6B.
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35

Figure S22. Analytical chromatograms.
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Figure S23. Analytical chromatograms.
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Fig. S 1: The same computed distances of the switchable Trp-cage ‘cis-SCa" (open), the uncross-linked Trp-cage
‘TC(4,8)" (red), as well as the diazocines cis-5 (gray) and trans-5 (blue) as in Fig. 3 (in the paper) are here displayed

on a logarithmic scale.

2. Characterization of TC(4,8)
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Fig. S 2: Chromatogram of TC(4,8). Peaks after 9 min are background noise.
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Fig. S 3: Mass spectrum of TC(4,8) at a retention time of 4.93 min. The peaks at 535, 701 and 1051 result from
different charged states of TC(4,8). The small peaks immediately to the right of peak 701 and peak 1051
correspond to adducts of TC(4,8) with Na* and/or K. The peak at 1402 corresponds to the non-covalent
homodimer of TC(4,8) [2M + 3H]**. The peaks at 644 and 965 belong to a side product from solid phase synthesis
of TC(4,8) that possesses a similar retention time as TC(4,8). Based on the MS-detected chromatogram the sample

is at least 80% pure.
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Fig. S 4: The expansion of the mass spectrum in Fig. S 3 in the range between 700 and 704 demonstrates that the
isotopic pattern of TC(4,8) (top) is identical with the isotopic pattern calculated based on its sum formula
[Co1H133N27031 + 3H]3* (bottom).

2.2. NMR data

Tab. S 1: Proton chemical shifts of the folded main form of TC(4,8).
No. Res. Proton: Shift / ppm
00 Ac Me: 2.074

01 D HNM:8.245, H%: 4.565, HP¥/P3: 2.828/2.726

02 A HM:8.658, H*: 4.185, HP: 1.389

03 Y HN:8.771, H*: 4.248, HP: 3.093, H®: 7.098, HE: 6.832

04 I HN:8.622, H*: 4.473, HP: 3.470

05 Q HN:8.465, H*: 4.019, HP: 2.114, HY: 2.311, H??Y/%22: 7.618/6.870

06 W HV:8.228, H* 4.396, HP?/P3: 3.394/3.204, H%': 7.091, He': 9.873, H®: 7.308, H"%: 7.221, H%3: 7.135, H®: 7.226
07 L HM:8.415, H%: 3.696, HP¥®3: 1.721/1.472, HY: 1.547, H5V/52;: 0.937/0.854
08 I HN:8.276, H%: 4.467, HP¥/®3; 3.490/3.418

09 D HM:8.055, H: 4.628, HP¥/#3: 2,.840/2.699

10 G HM: 7.773, H?/%3: 4,100/3.657

11 G HM: 8.201, H*¥/%3: 3.420/1.983

12 P H®*:4.551, HP%/B3: 2.440/2.040, H: 2.102, H%¥/53; 3,740/3.471

13 S HM:7.963, H%: 4.468, HP: 3.906

14 S HM:8.207, H*: 4.260, HP%/P3: 3,885/3.635

15 G H™:8.071, H*®/*3: 4.163/3.861

16 R HM:8.096, H%: 4.878, HP: 1.819, HY¥¥3: 1.727/1.657, H®: 3.228, H*: 7.425
17 P H*:4.708, HP%/B3: 2,317/1.816, H': 1.997, H®%/53: 3.837/3.634

18 P H®:3.254, HP%/B3: 1,547/1.046, H': 1.816, H®%/53: 3.602/3.531

19 P H®*:4.376, HP%/B3: 2.228/1.984, H': 1.890, H®%/%3: 3.369/3.180

20 S H“:7.871, H*: 4.191, HP: 3.801

Assignments are according to IUPAC nomenclature.!
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Fig. S 5: 1D *H-NMR spectrum of TC(4,8) in water with 10% D20 at pH = 5.3, 298 K and a concentration of 1.6 mm.
The expansion between 10.3 ppm and 9.7 ppm highlights the indole region. The highest peak (9.873 ppm) belongs
to the Trp6 indole proton (H!) of the folded main form. Additional peaks in the indole region indicate unfolded
by-forms of the Trp-cage with chemical shifts of the Trp6 indole proton (H#!) around 10.15 ppm.
2.2.1. Trp-cage by-forms

Apart from the folded main-form described above, several by-forms of the Trp-cage are apparent in the
indole NH-region in the H-NMR spectrum (resonances between 9.7 ppm and 10.3 ppm). These by-
forms belong to TC(4,8). They make up approximately 36% of the sample as determined by integration
of the indole region (Fig. S 5) while ultra-high performance liquid chromatography coupled to high
resolution mass spectrometry (UHPLC-HRMS) determined the amount of impurities of the sample to be
<20% (Fig. S 2 and Fig. S 3). These unfolded by-forms are detectable in NMR spectroscopy as separate
resonances, because they are in slow equilibrium with the folded main population on the NMR chemical
shift time scale.

In this paper, all NMR-based evaluations refer to the folded main population if not stated otherwise. In
contrast, CD spectroscopy is averaged over every structure (including the folded and unfolded by-forms)

weighted with respect to their population

2.3. Determination of midpoint of thermal unfolding of TC(4,8)

Fig 4a (in the paper) displays data of thermal unfolding of TC(4,8) (red triangles). The following function
was fitted to the data
Ay — A

y=A2+ X — X
1+ exp( dxo)




yielding the following values: A; =-13585.51999 + 850.58255
A; =-3298.40652 + 135.41215
Xo =31.62031 + 2.69452 (in this case xo = Tm)
dx = 13.99868 + 1.57008

3. Characterization of the folded cis-switch-cage

3.1. UHPLC-HRMS
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Fig. S 6: Chromatogram of the switch cage. An aliquot of the NMR sample (contains 10% D.0) was subjected to
UHPLC-HRMS analysis. Peaks after 9 min are background noise.
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Fig. S 7: Mass spectrum of the switch cage at a retention time of 6.19 min. The peaks around 798, 1196 and 2391
result from different charged states of TC(4,8). The smaller peaks to the right of the product peaks correspond to
adducts of the switch cage with Na* and/or K*. The peak around 2391 can be assigned to singly charged switch
cage [M + H]* overlaid the doubly charged non-covalent homodimer of the switch cage [2M + 2H]?**. The peak
around 1594 belongs to the triply charged non-covalent homodimer [2M + 3H]3*. Based on the MS-detected
chromatogram the sample is at least 85% pure.
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Fig. S 8: The expansion of the mass spectrum in Fig. S 7 in the range between 1194 and 1200 demonstrates that
the isotopic pattern of the switch cage (top) is almost identical with the isotopic pattern calculated based on its
sum formula [Ci09H145sN29033 + 2H]?* (bottom). The slight deviation is a result of exchanged protons for deuterons

due to the D20 content of the solvent (cf. Fig. S 9).
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Fig. $ 9: The sample from Fig. S 6, Fig. S 7 and Fig. S 8 was lyophilized and reconstituted with H,O to exchange all
deuterons in the protein with protons. The resulting isotopic pattern of the [M + 2H]?* species exactly matches the
predicted pattern. The small peaks in between the isotopic pattern of [M + 2H]?* correspond to the non-covalent

homodimer [2M + 4H]**.



3.2. NMRdata

3.2.1. Chemical shifts

Tab. S 2: Proton chemical shifts of cis-SCa.
Res. Proton: shift / ppm

No.

00
01
02
03
04
05
06
07
08

09
10
11
12
13
14
15
16
17
18
19
20

Ac Me: 2.060

D HV:8.236, H%: 4.622, HP¥/P3: 2 881/2.714

A HM:8.688, H%: 4.201, HP: 1.483

Y  HV:8.709, H%: 4.156, HP?/83: 3.203/3.128, H%: 7.118, HE: 6.888

[ HM:8.446, H*: 3.543, HP: 3.543, HY: 7.506, He¥/%3: 3.654/3.418, H: 6.714, H*°: 7.030, H'": 2.83 + 0.07

Q  HM:8.353, H%: 3.923, HP: 2.173, HY: 2.360, HE2/€22: 7 693/6.867

W HV:8.004, H%: 4.238, HP2/P3: 3,501/3.195, H®L: 7.009, H&': 9.728, H%: 7.229, H"2: 7.153, He3: 7.063, H®: 7.148

L HM:8.487, H%: 3.414, HP¥/®3: 1,724/1.335, HY: 1.525, H5Y/62: 0.853/0.655

I HMN:8.252, H%: 4.412, HP¥/P3: 3,.960/3.403, HY: 7.917, H¥/23: 3.488/3.400, H%: 6.662, H* 6.442, H*: 6.942,
Hb™: 2.83 + 0.07

D HM: 7.871, H*: 4.624, HP%/P3: 2.892/2.683

G HN:7.484, H'/*3: 4,148/3.497

G HM:8.295, H®¥/*3: 3,123/0.969

P H® 4.594, HP%/B3: 2 516/2.069, HY: 2.144, H%%/%3: 3,799/3.416

S HM:7.698, H*: 4.474, HP: 3.920

S HM:8.185, H: 4.166, HP%/P3: 3.869/3.528

G HM:7.926, H/%3: 4.270/3.812

R HM:8.138, H*: 5.019, HP%/F3: 1.888/1.818, H": 1.658, H%: 3.269, Ht: 7.563

P H® 4.748, HP%/B3: 2.339/1.798, H': 2.000, H%%/%3: 3.866/3.672

P H®: 2.580, HP%/P3: 1.351/0.385, H'¥/¥3: 1.736/1.651, H% 3.519

P H%:4.331, HP%/P3: 2.199/1.981, H': 1.857, H%%/%3: 3.163/2.992

S HM:7.819, H*: 4.164, HP: 3.775

The assignments are according to IUPAC nomenclature.! The nomenclature of the cross-linker assignments is
shown in Fig. S 10.

D-G-G-P-S-5-G-R-P-P-P-S—OH

Fig. S 10: The nomenclature of the cross-linker assignments.
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Fig. S 11: 1D 'H-NMR spectrum of the dark-adapted switch cage in water with 10% D,0 at pH =5.5, 298 K and a
concentration of 0.5 mMm. The expansion of the region between 10.3 ppm and 9.6 ppm shows that the amount of
unfolded by-forms with chemical shifts of the Trp6 indole proton (H®!) around 10.1 ppm adds up to approximately
10%, which is significantly reduced compared to TC(4,8) (cf. Fig. S 5). With approximately 10%, the amount of
unfolded species lies within the range of impurity determined by UHPLC-MS. The broad signals may therefore also
correspond to unfolded Trp-containing side-products from the synthesis and not necessarily belong to unfolded
switch-cage species.

3.2.2. Chemical shift deviations
The chemical shift deviation (CSD, also referred to as Ad) is typically employed to assess the stability of
the fold of a Trp-cage mutant.?® The CSD is the difference between the observed chemical shift of a
certain nucleus in a peptide and the corresponding nucleus in an unstructured random coil peptide:
CSD = A = bobs. - brandom coil

Unfortunately, we were unable to find a comprehensive list of random coil shifts used by Andersen et
al.?3. Therefore, random coil shifts were taken from Wishart et al. and are listed in Tab. S 3.* The random
coil value of the Trp indole proton was taken from Bundi and Wiithrich.> The random coil shifts by
Wishart et al. are non-stereospecifically assigned. When two B-protons (H?*#3) from the same residue
display different random coil shifts, their CSD was calculated by subtracting the larger random coil shift

from the larger observed shift and the smaller random coil shift from the smaller observed shift.

Example from Aspl:  Observed shift: HP2/B3; 2 .881/2.714 ppm
Random coil shift: HE2/83: 2.72/2.65 ppm
CSD: HE2/83: 0,16/0.06 ppm

No CSDs are given for the acetyl moiety of the N-terminus and for residues Dpr4 and Dpr8 as no random

coil values are available for their nuclei.



Tab. S 3: Random coil shifts used for the calculation of CSDs.

No.

00
01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20

Tab. S 4:

No. Res.

00
01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20

Res.

VWTTITIANNLUTOOOD TSSO T<>02

Proton: CSD / ppm

Me: n.d.

HN: 8.34, H*: 4.64, HP?/#3: 2,72/2.65

HN: 8.24, H*: 4.32, HP: 1.39

HN: 8.12, H%: 4.55, HP%/83: 3,03/2.98, HO: 7.14, H*: 6.84
n.d.

HN: 8.32, H%: 4.34, HP/#3: 2,12/1.99, HY: 2.360, HE2Y/e22: 7.52/6.85
HN: 8.25, H%: 4.66, HP/#3: 3.29/3.27, H5: 7.27, He: 10.22, H®: 7.50, H"2: 7.25, H3: 7.65, H®: 7.18
HN: 8.16, H™: 4.34, HP: 1.62, HY: 1.59, H3/%2: 0.92/0.87
n.d.

HN: 8.34, H*: 4.64, HP?/#3: 2,72/2.65

HN: 8.33, H*: 3.96

HN: 8.21, H*: 4.13

H®: 4.42, HP2/P3. 2 29/1.94, HY: 2.02, H®: 3.63

HN: 8.31, H%: 4.47, HP%/#3: 3.89/3.87

HN: 8.31, H*: 4.47, HP?/#3: 3,89/3.87

HN: 8.33, H*: 3.96

HN: 8.20, H*: 4.65, HP: 1.81, HY: 1.67, H%: 3.21, H®: 8.07
H%: 4.73, HP?/83; 2.31/1.91, HY: 2.01, H®: 3.60

H®: 4.73, HP2/P3. 2 31/1.91, HY: 2.01, H®: 3.60

H®: 4.42, HP2/P3. 2 29/1.94, HY: 2.02, H®: 3.63

HN: 8.31, H%: 4.47, HP%/#3. 3.89/3.87

Chemical shift deviations of cis-SCa.

Proton: CSD / ppm

n.d.

HN: -0.10, H%: -0.02, HP¥/#3: 0.16/0.06

HN: 0.45, H*: -0.12, HP: 0.09

HN: 0.59, H%: -0.39, HP/#3: 0.17/0.15, HO: -0.02, HE: -0.05

n.d.

HN: 0.03, H% -0.42, HP?/#3: 0.05/0.18, HY: 0.00, HE2Y/¢22: 0,17/0.02
HN: -0.25, H%: -0.42, HP%/#3: 0.21/-0.08, H5!: -0.26, H&: -0.49, H?: -0.27, H"?: -0.10, HE3: -0.59, H3: -0.03
HN: 0.33, H*: -0.93, HP?/83: 0.10/-0.28, H: -0.07, HY/52: .0.07/-0.22
n.d.

HN: -0.47, H%: -0.02, HP¥/#3: 0.17/0.03

HN: -0.85, H®/*3: 0.19/-0.46

HN: 0.08, H®¥/*3; .1,01/-3.16

H®: 0.17, HP%/83: 0.23/0.13, HY: 0.12, H%¥/%3: 0.17/-0.21

HN: -0.61, H%: 0.00, HP¥/#3: 0.03/0.05

HN: -0.13, H%: -0.30, HP%/#3: .0.02/-0.34

HN: -0.40, H®¥/*3: 0,31/-0.15

HN: -0.06, H%: 0.37, HP¥/#3: 0.08/0.01, HY: -0.01, H®: 0.06, H®: -0.51
H%: 0.02, HP%/#3: 0.03/-0.11, HY: -0.01, H%%¥/%3: 0.27/0.07

H®: -2.15, HP?/B3; 0,96/-1.52, HY*/¥3: -0.27/-0.36, H%: -0.08

H®: -0.09, HP%/B3: .0.09/0.04, H": -0.16, H5%/%3: -0.47/-0.64

HN: -0.49, H%: -0.31, HP%/#3: .0.12/-0.10

Large CSDs which are a result of and an indicator for the stable Trp-cage fold are highlighted in bold.
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3.3. Determination of midpoint of thermal unfolding of the switch cage
Fig 4a (in the paper) displays data of thermal unfolding of the switch cage (black circles). The following

function was fitted to the data

yielding the following values: A; =-13518.25883 + 404.28719
A, =-3855.61105 + 228.37507
Xo = 48.50329 + 1.42176 (in this case xo = Tm)
dx =12.95674 + 1.42566

4. Switching properties of the switch cage

4.1. UV/vis spectroscopy

UV/vis spectra were recorded at 25 °C on a Lambda 14 spectrometer (PerkinElmer, Waltham, MA, USA)
equipped with a ecoline E100 thermostat mounted on an ecoline 003 water bath (Lauda, Lauda-
Konigshofen, Germany). Measurements were performed using low-volume (700 plL) Quartz cuvettes
with an optical path length of 10 mm (Hellma, Millheim, Germany) and water as a solvent at
pH=5.54+0.1.

UV/vis spectroscopy was used to determine the which of the available light sources produces the largest
cis—trans-conversion ratio (Fig. S 12). From the tested wavelengths, the highest conversion to trans-SC

was achieved at 385 nm.

—— PSS at 530 nm

0.9+ —— PSS at 405 nm
| —— PSS at 365 nm
0.8} PSS at 400 nm
\ PSS at 385 nm

074!

Absorption / a.u.

A/ nm

Fig. S 12: UV/vis spectra of the switch cage irradiated with light of different wavelengths (365 nm,
385 nm, 400 nm, 405 nm and 530 nm). The irradiation wavelengths are indicated by a vertical line. The
baseline displays a small offset which is an artifact resulting from the narrow low-volume cuvettes.
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4.2. Photostationary state at 385 nm and relaxation rates

4.2.1. Experimental setup
The photostationary state (PSS) and relaxation rate were determined by NMR spectroscopy. The sample
with the switch cage was irradiated to the PSS at 385 nm and immediately afterwards a 1D-'H-NMR
spectrum was recorded (Fig. S 13). The NMR spectrometer had previously been calibrated to a
temperature of 298 °C. The sample remained in the spectrometer in the dark for the entire time of the
relaxation measurements. After the first spectrum (representing the PSS, recorded at t = 2 min after
irradiation), a new spectrum was recorded every 30 min for the next 21 h. The last spectrum was

recorded at t =39 h.

—

T T T
10.2 10.0 9.8  ppm

TR W

Wk

10 9 8 7 6 5 4 3 2 1 ppm

Fig. S 13: 1D-'H-NMR spectrum of the switch cage after irradiation to the PSS at 385 nm in water with 10% D0 at
pH =5.5, 298 K and a concentration of 0.5 mM. The same regions as in Fig. S 11 are integrated in the expansion.

4.2.2. Selecting the nuclei for the determination of the PSS at 385 nm and the relaxation rate
Accurate determination of photostationary states and relaxation rates ideally requires baseline-
separated signals of the cis- and the trans diazocine to allow for integration. Unfortunately, all signals
of the trans-diazocine overlap with other aromatic signals of trans-SC, cis-SC, or cis-SCy. In consequence,
six largely separated signals of cis-SC (signals b) — g)) and one signal (signal a)) of trans-SC were used to
quantify the cis- and trans-populations and determine the relaxation rate (Tab. S 5, Fig. S 14).

The six chosen cis-SC-signals (b) — g)) represent either the switching state of the diazocine cross-linker
or the fold state of the switch cage (Tab. S 5). This facilitates the discrimination between the state of

the linker and the fold and it also allows for the determination of the PSS and relaxation rates for each

12



individual species, i.e. cis-SC, and cis-SCy. Signal a) was chosen to calculate the relaxation rate by

monitoring a fold-indicating proton of trans-SC.

Tab. S 5: List of signals that were chosen to calculate the PSS and/or the relaxation rate of the switch cage.

Entry Species Proton Integr. Region / ppm Representing
a) trans-SC Trp6 indole NH 10.105 - 10.065 fold
b) cis-SCp Trp6 indole NH 9.780-9.744 fold
c) cis-SCa Trp6 indole NH 9.744 -9.700 fold
d) cis-SCa Dpr4 H? 6.725 - 6.699 diazocine
e) cis-SCa Dpr8 H? 6.692 —6.632 diazocine
f)  cis-SCv DprX H2* 6.600 — 6.570 diazocine
g) cis-SCa: Dpr8 H?; cis-SCy: Dpr H2** 6.473 - 6.413 diazocine

*) It was not possible to unequivocally assigh the two protons, Dpr4 H? and Dpr8 H? of cis-SCb, to their
corresponding residue in the sequence. **) These two signals are overlapping and treated as one.

! M ‘.f "“w
L o l -

T T T T T T T T
10.0 9.5 9.0 8.5 8.0 7.5 7.0 ppm

Fig. S 14: The indole, amide and aromatic region of the 1D-H-NMR spectra of the switch cage after irradiation to
the PSS at 385 nm (red) and relaxation in the dark at 298 K for 39 h (black) are shown. The full spectra are depicted
in Fig. S 13 (PSS at 385 nm) and Fig. S 11 (dark-adapted). The signals marked a) — g) were chosen for determination
of the PSS and relaxation rates as they are more or less baseline-separated.

4.2.3. Determination of the PSS at 385 nm
The PSS at 385 nm was determined via the six signals of cis-SC (Signals b) — g) of Tab. S 5 and Fig. S 14).
The ratio of their intensity after irradiation to the PSS at 385 nm (lsssnm) and their intensity in the dark-
adapted state (ldark-adapted) is correlated to the cis—trans-conversion ratio in the PSS according to the

following formula:

1 : i i
38R — cis—strans-conversion ratio

Idark—adapted
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Note that this method can only be applied with signals of cis-SC, as signals of trans-SC are essentially
zero in the dark-adapted state.

The first (recorded at t =2 min after irradiation) and the last spectrum (t =39 h) of the relaxation
measurements were chosen to represent the PSS and the dark-adapted state, respectively. In order to
determine the PSS, the intensity of signals b) — g) (Tab. S 5, Fig. S 14) was measured by integration. Their
integrals were calibrated relative to the DSS integral which was arbitrarily set to 1. The obtained
intensities were inserted in the formula to obtain the approximate fraction of trans-SC in the PSS listed

in Tab. S 6.

4.2.4. Determination of the relaxation rate
In order to determine the relaxation rate, every 1D-*H-NMR spectrum of the relaxation measurements
was integrated within the ranges listed in Tab. S 5 (signals a) — g)). These integrals were calibrated
relative to the DSS signal, which was arbitrarily set to 1. The signal intensity was plotted over the time

(Fig. S 15) and the following function of exponential decay was fitted to the data:

&)
y=A;r et 4y,
In this formula, x is the time, yo is the offset to which the function approaches asymptotically, t; is the
time constant of the decay and A; is the initial decaying quantity. The sum of yo and A; (yo + A1) give the
y-intercept (initial total quantity). The half-life t;, was calculated by the following relationship:

ti2 = t1 " In(2)
The results of the fitted data are listed in the table included in Fig. S 15, the final results are listed in

Tab.S6.
4.2.5. Results

Tab. S 6: Resulting PSS and relaxation rate from each signal a) — g).

Entry Species Representing  PSSsssnm / % trans-state ti2/h
a) trans-SC fold n.d. 6.7+0.1
b) cis-SCp fold 43 5.6+0.3
c) cis-SCa fold 49 6.1+0.1
d) cis-SCa diazocine 46 6.5+0.1
e) cis-SCa diazocine 45 6.3+0.2
f)  cis-SCp diazocine 46 6.5+0.3
g) cis-SCa / cis-SCb  diazocine 47 6.0+0.2

Average: 462 6.2+0.3

There is no significant discrepancy in the PSS or half-life of either species, i.e. cis-SC,, cis-SCy or trans-SC,
nor is there any significant deviation between the behavior of the fold and the diazocine. This implies a

direct coupling of the fold and the photoswitchable cross-linker.
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Fig. S 15: The seven graphs show the signal intensity of
signal a) — g), respectively, plotted over the time. Each
graph is fitted with an exponential decay fit; the resulting
parameters are listed in the table inserted into the plot.
The data of signals b) and f) show larger relative
uncertainty due to the overall lower signal intensity
compared to the other signals.
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4.3. Photostationary state at 530 nm

The 1D-'H-NMR spectrum of the switch-cage recorded immediately after irradiation to the PSS at
530 nm is virtually identical the spectra of the dark-adapted switch-cage (Fig. S 16). Therefore,

irradiation with light of the wavelength 530 nm affords nearly complete conversion to the cis-switch

cage.

-

T T T T T T

10 9 8 7 6 5 4 3 2 1 ppm

Fig. S 16: Overlay of the 1D-'H-NMR spectra of dark-adapted cis-SC as obtained after purification (black), cis-SC
immediately after irradiation to the PSS at 530 nm (red), and cis-SC after irradiation to the PSS at 385 nm and
subsequent relaxation in the dark at 298 K (24.85 °C) for 39 h (blue). Apart from the water suppression artifact
around 4.9 ppm, the three spectra are virtually identical.
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4.4. Mechanism of interconversion between cis-SC; and cis-SCh

[ random coil peptide ] _ random coil peptide ]
TN L JL/QT//;@/\W
fo} N N
H
A i TA >
random coil peptide random coil pept|de
<P ﬁ
N N o
H AN\
N N
H
o 0

folded
Trp-cage

\ folded
Trp-cage

NH

cis-SC, cis-SCy

Scheme S 1: Mechanism of interconversion between cis-SCa, cis-SC» and the two diastereomers of trans-SC in the
twist and chair conformation. Deltas (A) indicate thermal interconversion at ambient temperature. The other
indicated equilibria are significantly slower and require higher temperatures or irradiation with light.

5. Cross-linker synthesis and characterization

5.1. Devices

5.1.1. Chromatography stationary phases
Flash column chromatography purfications were performed on a Biotage Isolera one with Biotage Ultra
cartridges (HP-Sphere, particle diameter: 25 um, cartridge sizes: 10 g, 25 g, 50 g and 100 g; Biotage,
Uppsala, Sweden). Rs values were determined by thin layer chromatography on Polygram SilG/UV2s4
(0.2 mm particle size; Macherey-Nagel, Diiren, Germany) and ALUGRAM Xtra SIL G/UV3s4 (0.2 mm

particle size; Macherey-Nagel, Diiren, Germany).

5.1.2. Melting point determination
Melting points were measured with a B-560 Melting Point Apparatus (Biichi, Essen, Germany) in melting

point tubes.
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5.1.3. NMR spectroscopy
NMR measurements of the cross-linker and its precursors were performed with a Bruker DRX 500 FT-
NMR spectrometer (*H-NMR: 500.1 MHz, 3C-NMR: 125.8 MHz; Bruker, Billerica, MA, USA).
NMR spectra were measured in deuterated solvents (Deutero, Kastellaun, Germany). Spectra were
referenced to TMS when acetone, acetonitrile or chloroform was the solvent. Otherwise the following

solvent signals were used for referencing:

Tab. S 7: List of deuterated solvents.

Solvent Degree of deuteration !H signal 13C signal
Acetone-de 99.8% 2.05 (quintet) 29.84 (septet)
Acetonitrile-ds 99.8% 1.94 (quintet) 118.26 (septet)
Chloroform-d; 99.8% 7.26 (s) 77.16 (triplet)
DMSO-de 99.8% 2.50 (s) 39.52 (septet)
Methanol-d4 99.8% 3.34(s) 49.86 (septet)

5.1.4. IR spectroscopy
Infrared spectra were measured on a PerkinElmer 1600 Series FT-IR spectrometer with an A531-G
Golden-Gate-Diamond-ATR-unit (PerkinElmer, Waltham, MA, USA). Signals were abbreviated with w for

weak, m for medium and s for strong signal intensity.

5.1.5. Mass spectrometry
The high resolution-electron ionization (HR-EI) mass spectra were measured with an AccuTOF GCv 4G
(Jeol Germany, Freising, Germany) with ionization energy of 70 eV and the high resolution-electrospray
ionization (HR-ESI) mass spectra were measured with a Q Exactive Plus MS, Hybrid Quadrupol-Orbitrap

(Thermo Fisher Scientific, Waltham, MA, USA).
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5.2.  Synthetic procedures and analysis results
General remark:
The 4-methyl-2,6,7-trioxabicyclo[2.2.2]octane-1-y| (OBO) protecting group that was employed during
the cross-linker synthesis is highly labile against acids and a fraction may unintentionally be hydrolyzed

to the open ester during the work-up of reaction ii) or iii) of Scheme 2 in the paper.

5.2.1. Synthesis of (3-methyloxetan-3-yl)methyl 2-(4-methyl-3-nitrophenyl)acetate (8)

At 0°C and under N, atmosphere 2-(4-methyl-3-nitrophenyl)acetic acid (6; 3.9g, 20 mmol), 4-
dimethylaminopyridine (DMAP; 244 mg, 2 mmol) and N,N’-dicyclohexylcarbodiimide (DCC; 4.13 g,
20 mmol) were dissolved in 30 ml dry dichloromethane (DCM). Immediately afterwards 3-methyl-3-
oxetanemethanol (7; 1.98 ml, 20 mmol) was added. The reaction was stirred for 1 h at room
temperature. The formed solid was filtered and washed with 100 ml DCM. The solvent was evaporated
in vacuo and the crude product was purified by flash column chromatography (cyclohexane/ethyl

acetate) to afford the product as a yellow oil (4.91 g, 17.6 mmol, 88%).

Rf: 0.29 (cyclohexane/ethyl acetate, 2:1).

'H-NMR (500.1 MHz, Acetone-dg, 300K): §=7.96 (d, ¥/=1.8Hz, 1H, H-3), 7.58 (dd, 3/=8.0 Hz,
4=1.7 Hz, 1 H, H-5), 7.44 (d, 3/ = 7.8 Hz, 1 H, H-6), 4.41 (d, *J = 5.8 Hz, 2 H, C-CH,-0-), 4.25 (d, % = 5.8 Hz,
2 H, C-CH’»-0-), 4.21 (s, 2 H, C-CH,-00C), 3.87 (s, 2 H, O0OC-CH-C4), 2.54 (s, 3H, C:-CHs), 1.29 (s, 3H, C-
CHs) ppm.

13C-NMR (125.8 MHz, Acetone-ds, 300 K): 6 = 171.4 (COO), 150.1 (C-2), 135.2 (C-5), 135.1 (C-4), 133.6
(C-6), 132.4 (C-1), 126.1 (C-3), 79.6 (C-CH,-0-), 70.0 (C-CH,-00C), 40.2 (OOC-CH,-C4), 21.2 (C-CHs), 19.7
(C1-CH3) ppm.

IR (ATR): ¥ = 2963 (w), 2872 (w), 1735 (s), 1526 (s), 1498 (w), 1454 (w), 1346 (s), 1298 (w), 1246 (m),
1223 (m), 1152 (s), 1031 (w), 977 (s), 833 (m), 815 (s), 751 (w), 732 (w), 678 (w) cm™.

MS (El, 70 eV): m/z (%) = 279 (7), 262 (5), 196 (5), 177 (13), 150 (100).

HRMS (El, 70 eV): [C14H17N10s]*, calc.: m/z = 279.11067, found: m/z = 279.11046.

19



-0.00

2
2
8
2.54
2

T
8.0 7.8 7.6 7.4 ppm

Ll s N )

T T T 1
8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 0.5 0.0 ppm
B &R 58 @ 8 g

=] - |+ oilcileil o o o

Fig. S 17: 'H-NMR spectrum of compound 8 measured in deuterated acetone at 300 K.
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5.2.2. Synthesis of 4-methyl-1-(4-methyl-3-nitrobenzyl)-2,6,7-trioxabicyclo[2.2.2]octane (9)

Under N, atmosphere (3-methyloxetan-3-yl)methyl 2-(4-methyl-3-nitrophenyl)acetate (8; 2.00 g,
7.16 mmol) was dissolved in 20 ml dry DCM, cooled to -10 °C and 48% BFs-Et;0 solution
(200ul, 716 umol) was added dropwise. The reaction was stirred at room temperature for 2 h and
stopped with trimethylamine (TEA; 1.00 ml, 7.16 mmol). The solvent was evaporated in vacuo and the
residue was dissolved in ethyl acetate. The organic layer was washed with 5% ammonium chloride
solution (150 ml), H,O (2 x 100 ml), saturated sodium bicarbonate solution (2 x 100 ml), saturated
sodium chloride solution (100 ml) and dried over magnesium sulfate. The solvent was evaporated in
vacuo and the crude product was purified by flash column chromatography (cyclohexane/ethyl acetate,

1:2) to afford the product as colourless crystals (1.61 g, 5.79 mmol, 81%).

Rf. 0.48 (cyclohexane/ethyl acetate, 2:1).

Tm: 118 °C

1H-NMR (500.1 MHz, Acetone-ds, 300K): 6=7.85 (d, ¥/=1.7Hz, 1H, H-3), 7.47 (dd, 3/=7.9 Hz,
4)=1.78 Hz, 1 H, H-5), 7.34 (d, 3 =7.9 Hz, 1 H, H-6), 3.86 (s, 6 H, C-CH,-0-), 2.98 (s, 2 H, C-CH,-C4), 2.52
(s, 3H, C1-CHs), 0.79 (s, 3H, C-CHs) ppm.

13C-NMR (125.8 MHz, Acetone-ds, 300 K): 6 = 149.8 (C-2), 136.3 (C-5), 136.1 (C-4), 132.8 (C-6), 132.4 (C-
1), 127.0 (C-3), 108.9 (O-C-CHy), 73.1 (C-CH,-0-), 42.5 (C-CH,-C4), 31.1 (C-CH3), 19.7 (C:-CH3), 14.3 (C-
CHs).

IR (ATR): ¥ = 2966 (w), 2935 (w), 2886 (w), 1733 (m), 1526 (s), 1472 (w), 1464 (w), 1453 (w), 1440 (w),
1397 (w), 1384 (w), 1340 (w), 1309 (m), 1282 (m), 1264 (m), 1207 (m), 1190 (m), 1153 (m), 1043 (s),
1025 (s), 1011 (s), 984 (s), 928 (m), 923 (m), 895 (m), 886 (m), 851 (m), 837 (m), 818 (m), 768 (w), 755
(w), 718 (s), 688 (w), 675 (w) cm™.

MS (EI, 70 eV): m/z (%) = 279 (3), 249 (37), 179 (20), 150 (100).

HRMS (El, 70 eV): [C14H17N10s]*, calc.: m/z = 279.11067, found: m/z = 279.11090.
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5.2.3. Synthesis of 1,2-bis(4-((4-methyl-2,6,7-trioxabicyclo[2.2.2]octan-1-yl)methyl)-2-nitrophenyl)-

6 7
\g\o 5 1 0/2/
o) p 2 0
0 <7 NO, ON 0

Under N, atmosphere 4-methyl-1-(4-methyl-3-nitrobenzyl)-2,6,7-trioxabicyclo[2.2.2]octane (9; 1.50 g,

ethane (10)

5.37 mmol) was dissolved in 30 ml dry tetrahydrofuran (THF) and cooled to -5 °C, followed by addition
of potassium butoxide (1.02 g, 9.13 mmol). The reaction was stirred for 40 s before addition of bromine
(274 pl, 5.37 mmol). After further stirring for 10 min at room temperature the reaction mixture was
added to a saturated sodium bicarbonate solution and extracted with ethyl acetate (3 x 100 ml). The
combined organic layers were washed with 100 ml saturated sodium thiosulfate solution and dried over
magnesium sulfate. The solvent was evaporated in vacuo and the crude product was purified by flash
column chromatography (cyclohexane/ethyl acetate, 2:1) to afford the product as colourless crystals

(680 mg, 2.44 mmol, 46%).

Rf: 0.28 (cyclohexane/ethyl acetate, 2:1).

Tm: 116 °C

'H-NMR (500.1 MHz, Acetone-ds, 300K): §=7.86 (d, /=1.7 Hz, 2 H, H-3), 7.55 (dd, 3/=7.9 Hz,
4=1.8 Hz, 2 H, H-5), 7.42 (d, *) = 7.9 Hz, 2 H, H-6), 3.87 (s, 12 H, C-CH,-0-), 3.20 (s, 4 H, C-CH»-Cs), 3.01
(s, 4H, H-7), 0.80 (s, 6H, C-CHs) ppm.

3C-NMR* (125.8 MHz, Acetone-ds, 300 K): §=149.8 (C-2), 136.5 (C-5), 136.8 (C-4), 134.5 (C-1),
132.1 (C-6), 127.2 (C-3), 108.9 (O-C-CHy), 73.1 (C-CH,-0-), 42.6 (C-CH»-C4), 34.2 (C-7), 31.1 (C-CH3), 14.3
(C-CHs).

IR (ATR): ¥ = 3310 (w), 2883 (w), 1726 (s), 1526 (w), 1525 (s), 1458 (w), 1341 (s), 1227 (m), 1169 (s), 1038
(s), 1002 (s), 924 (s), 846 (s), 817 (m), 764 (w), 732 (w), 679 (m) cm™,

MS (El, 70 eV): m/z (%) = 556(8), 539 (9), 294 (32), 278 (100).

HRMS (El, 70 eV): [CasH32N2010]", calc.: m/z = 556.20569, found: m/z = 556.20124.

*Frequencies were determined from the carbon dimension of the HMBC spectrum.
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5.2.4. Synthesis of (Z)-bis(3-hydroxy-2-(hydroxymethyl)-2-methylpropyl) 2,2'-(11,12-dihydro-
dibenzo[c,g][1,2]diazocine-3,8-diyl)diacetate (11)

6 7
Hoﬂﬂo ’ : : N=N O%OH
A mixture of 1,2-bis(4-((4-methyl-2,6,7-trioxabicyclo[2.2.2]octan-1-yl)methyl)-2-nitrophenyl)ethane
(10; 431 mg, 775 umol), Ba(OH);:8 H,0 (732 mg, 2.33 mmol) and zinc powder (811 mg, 12.4 mmol) were
dissolved in an ethanol-water mixture (60 ml, 2:1) and stirred for 5 h under reflux. After filtration trough
Celite and evaporation of the solvent under reduced pressure, the crude product was dissolved in 90 ml
0.1 M methanolic NaOH solution, CuCl; (20 mg, 149 umol) was added, and air was blown trough the
solution for 4 h. The reaction was added to a saturated sodium bicarbonate solution, neutralized with
1 M HCl solution and extracted with DCM (3 x 75 ml). The combined organic layers were washed with a
saturated sodium chloride solution and dried over magnesium sulfate. The solvent was evaporated in
vacuo and the crude product was purified by flash column chromatography (cyclohexane/ethyl acetate,

2:1) to afford the product as a yellow solid (161 mg, 326 umol, 42%).

Rf: 0.22 (cyclohexane/ethyl acetate, 2:1).

Tm: 132°C

1H-NMR (500.1 MHz, CDCls, 300 K): & = 6.96 (s, 4 H, H-5, H-6), 6.79 (d, 3/ = 7.9 Hz, 2 H, H-3), 4.13 (s, 4 H,
COO0-CH,-C), 3.57 (s, 4 H, COO-CH»-C4), 3.44 (d, ®/ = 11.4 Hz, 4 H, CH,-OH), 3.36 (d, 3>/ = 11.4 Hz, 4 H, CH'>-
OH), 2.85 (s, 4 H, H-7), 2.41 (s, 4H, CH,-OH), 0.71 (s, 6H, C-CHs) ppm.

13C-NMR (125.8 MHz, CDCls;, 300 K): 6 =172.0 (CO0), 155.3 (C-2), 132.5 (C-4), 130.0 (C-5), 128.1 (C-5),
127.0(C-1), 125.6 (C-5), 119.8 (C-3), 67.5 (CH3-C-(CH,)s) 67.4 (CH,-OH) 66.9 (COO-CH,-C), 40. (COO-CH,-
Cs), 31.4 (C-7), 16.7(C-CHs) ppm.

IR (ATR): ¥ = 3312 (w), 2933 (w), 2880 (w), 1730 (s), 1458 (w), 1396 (w), 1334 (m), 1303 (m), 1253 (m),
1191 (m), 1151 (w), 1038 (s), 990 (s), 892 (w), 835 (w), 702 (w) cm™.

HRMS (HR-ESI): [CogH3608N> + NH4]*, calc.: m/z = 546.2806, found: m/z = 546.28099.
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5.2.4.1. Determination of the PSS of diazocine 11
The PSS at 385 nm of diazocine 11 was determined in MeCN by integration of the H-3 signals of the cis-
and the trans- isomer in the 1D-H-NMR spectrum of the PSS at 385 nm (Fig. S 25, red).

6 7
HO o s ! o OH
4 2
HO o ZN\N=N 0o OH
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Fig. S 25: Overlay of the 1D-'H-NMR spectra of diazocine 11 dissolved in MeCN-ds. The spectrum displayed in black
was recorded immediately after irradiation to the PSS at 530 nm, whereas the red spectrum represents the PSS at
385 nm. The expansion shows the aromatic region from which the PSS at 385 nm was determined by integration
of the doublet at 7.46 ppm which represents the trans-species and at 6.78 ppm which represents the cis-isomer.

cis-diazocine 11 (black)

1H-NMR (500.1 MHz, MeCN-ds, 298 K): & = 7.03 (d, 3/ = 7.9 Hz, 2 H, H-6), 6.98 (dd, */ = 7.9 Hz, J = 1.6 Hz,
2 H, H-5), 6.79 (d, *J = 1.4 Hz, 2 H, H-3), 3.98-3.92 (m, 4 H, COO-CH,-C), 3.56 (s, 4 H, COO-CH,-C4), 3.32
(m¢, 8 H, CH,-OH, CH’,-0OH), 2.88-2.76 (m, 8 H, H-7, CH,-OH), 0.74 (s, 6H, C-CHs) ppm.

trans-diazocine 11 (red)

'H-NMR (500.1 MHz, MeCN-ds, 298 K): 6 =7.46 (s, 2 H, H-3), 7.17 (dd, 3/ = 7.8 Hz, *J = 1.6 Hz,2 H, H-5),
7.11(d, * =7.8 Hz, 2 H, H-6), 4.02 (s, 4 H, COO-CH,-C), 3.75 (s, 4 H, COO-CH,-C4), 3.38 (m¢, 8 H, CH>-OH,
CH’',-OH), 2.86-2.72 (m, 8 H, H-7, CH,-OH), 0.81 (s, 6H, C-CH3) ppm.
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5.2.5. Synthesis of (Z)-bis(2,5-dioxopyrrolidin-1-yl) 2,2'-(11,12-dihydrodibenzolc,g][1,2]diazocine-
3,8-diyl)diacetate (1)
SEePHehe
qo 7 ON=N o}

0 o)
(2)-bis(3-hydroxy-2-(hydroxymethyl)-2-methylpropyl)  2,2'-(11,12-dihydrodibenzo[c,g][1,2]diazocine-
3,8-diyl)diacetate (11; 182 mg, 345 umol) was dissolved in 5 ml MeOH/H,0 (4:1) and 5.5 ml 10% calcium
carbonate solution was added. The reaction was stirred over night at room temperature. Afterwards
the reaction was acidified to pH =2 with 1 M hydrogen chloride solution and extracted with ethyl
acetate (3 x 10 ml). The combined organic layers were washed with saturated sodium chloride solution,
dried over magnesium sulfate and the solvent was evaporated in vacuo. Under N, atmosphere the crude
product was dissolved in 5 ml DMF. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC; 661 mg,
3.45 mmol) and N-hydroxysuccinimide (NHS; 199 mg, 1.73 mmol) were added at room temperature and
the reaction stirred for 1 h. The reaction was added to 50 ml H,O and extracted with (2 x 30 ml) DCM.
The combined organic layers were washed with 10 % sodium bicarbonate solution, (2 x 50 ml) 0.1 m
hydrogen chloride solution, 50 ml sodium chloride solution and dried over magnesium sulfate. The

solvent was evaporated in vacuo and the crude product was purified by flash column chromatography

(cyclohexane/ethyl acetate, 1:2) to afford the product as a yellow solid (45 mg, 87 umol, 25%).

Rf: 0.43 (cyclohexane/ethyl acetate, 1:2)

Tm: 190 °C

1H-NMR (500.1 MHz, DMSO-ds, 300 K): 6 = 7.12 (d, 3/ = 7.9 Hz, 2 H, H-6), 7.06 (dd, 3/ = 7.9 Hz, %/ = 1.5 Hz
2 H, H-5),6.89(d,* = 1.4 Hz, 2 H, H-3), 4.05 (s, 4 H, COO-CH,-C4), 2.82-2.81 (m, 12 H, H-7, CH,-CH’3) ppm.
13C-NMR (125.8 MHz, DMSO-ds, 300 K): 6 = 170.0 (€O), 167.0 (CO0), 154.7 (C-2), 130.9 (C-1) 130.0 (C-
6), 128.1 (C-5), 127 (C-4) 119.87 (C-3), 35.7 (COO-CH,-C4), 30.5 (C-7), 25.4 (CH2>-C'H,) ppm.

IR (ATR): ¥ = 2925 (w), 1812 (w), 1781 (w), 1745 (s), 1727 (s), 1522 (w), 1497 (w), 1457 (w), 1426 (w),
1355 (m), 1205 (s), 1109 (m), 1062 (s), 991 (m), 963 (m), 892 (w), 877 (w), 846 (w), 807 (s), 758 (w), 738
(w), 646 (s) cm™.

HRMS (HR-ESI): [C2sH3608N> + NH4]*, m/z = calc.: 536.1772, found 536.17759.
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8. Abbreviations

A

AFP(s) - antifreeze protein(s)

AFP1-6 - isoform HPLC-6 of AFP type 1
AGC - automated gain control

AMP(s) - antimicrobial peptide(s)
AMSDb - antimicrobial sequences database
AMTC(s) - antimicrobial Trp-cage(s)
ANN(s) - artificial neural network(s)
AP-1 - activator protein 1

AP2 - adaptor protein 2

APD - antimicrobial peptides database
aPP - avian pancreatic polypeptide
aZIP - acidic region leucine zipper

AB - amyloid-B

B. megaterium - Bacillus megaterium

B. subtilis - Bacillus subtilis

BAK - Bcl-2 homologous antagonist/killer
BAP - B-arrestin-derived peptide

Bcl-2 - B-cell lymphoma 2

BH - Bcl-2 homology

bPP - bovine pancreatic polypeptide

BSA - bovine serum albumin

bZIP - basic region leucine zipper

C

CCP(s) - clathrin-coated pit(s)

CD - circular dichroism

cfu - colony forming units

CME - clathrin-mediated endocytosis
CPP(s) - cell-penetrating peptide(s)
CSD(s) - chemical shift deviation(s)

D

DCM - dichloromethane
dd-MS? - data-dependent tandem mass
spectrometry
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DIPEA - N,N-diisopropylethylamine

DIPSI2 - decoupling in the presence of scalar
interactions

DMF - N,N-dimethylformamide

DMSO - dimethyl sulfoxide

DNA - deoxyribonucleic acid

DPC - dodecylphosphocholine

E

E. coli - Escherichia coli

E6AP - E6-associated protein

EHEC - enterohemorrhagic Escherichia coli
EMA - European Medicines Agency

EPEC - enteropathogenic Escherichia coli
eq. - equivalent

EU - European Union

FC - fraction collection

FDA - U.S. Food and Drug Administration
FID - free induction decay

Fmoc - fluorenylmethoxycarbonyl
FWHM - full width at half maximum

G

GLP-1 - glucagon-like peptide 1
GSH - glutathione

H

HATU - hexafluorophosphate azabenzotriazole

tetramethyl uronium
HDP(s) - host defense peptide(s)
HEK293T human embryonic kidney 293T
HESI - heated electrospray ionization
HPV - human papillomavirus
hPYY - human polypeptide YY



IBP(s) - ice-binding protein(s)

IBTC(s) - ice-binding Trp-cage(s)

ICso - half maximal inhibitory concentration
IDR(s) - innate defense regulator(s)

K

KIH - knobs-into-holes

LB - lysogeny broth
LPS - lipopolysaccharide(s)

M

M. luteus - Micrococcus luteus

MBC - minimal bactericidal concentration
MD - molecular dynamics

MeCN - acetonitrile

MHC - minimal hemolytic concentration
MIC - minimal inhibitory concentration

MRSA - methicillin-resistant Staphylococcus aureus

N

NAc-diazocine acetylated N-diazocine
NAG - N-acetylglucosamine

NAM - N-acetylmuramic acid

NCE - normalized collision energy
NMR - nuclear magnetic resonance
NPY(s) - neuropeptide(s) Y

P

P. aeruginosa - Pseudomonas aeruginosa
PDB - Protein Data Bank

PP(s) - pancreatic polypeptide(s)

PPG(s) - photoremovable protecting group(s)
PPIl - polyproline type Il

pPYY - porcine polypeptide YY

PSS - photostationary state

PYY(s) - polypeptide(s) YY

Q

QSAR - quantiative structure-activity relationship

R

RBC(s) - red blood cell(s)

RCSB - Research Collaboratory for Structural
Bioinformatics

RNA - ribonucleic acid

RRE - Rev response element

S

S. aureus - Staphylococcus aureus

S. simulans - Staphylococcus simulans

SAR - structure-activity relationship

SCL(s) - synthetic combinatorial librar(y/ies)
SDS - sodium dodecyl sulfate

S-layer - surface layer

SPPS - solid phase peptide synthesis

SUV(s) - small unilamellar vesicle(s)

T

TEM - transmission electron microscopy
Tf - transferrin

TFA - trifluoroacetic acid

TFE - 2,2,2-trifluoroethanol

TfR - transferrin receptor

Tl - therapeutic index, TI = MHC - MIC1
TIS - triisopropyl silane

TL - traffic light

UV - ultraviolet

a

aAMP(s) - a-helical antimicrobial peptide(s)
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