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List of Abbreviations

ACHC [/R,2R]-2-aminocyclohexanecarboxylic acid

ACPC [1S,2S]-2-aminocyclopentanecarboxylic acid

Al artificial intelligence

APIs active pharmaceutical ingredients

CD circular dichroism

CDs;OH 1,1,1-trideuteromethanol

CF continuous-flow

CF-SPPS continuous-flow solid-phase peptide synthesis

COSY correlation spectroscopy

CPME cyclopentyl methyl ether

DBU 1,8-diazabicyclo[5.4.0Jundec-7-ene

DCC N,N-dicyclohexylcarbodiimide

DCM dichloromethane

DIC N,N'-diisopropylcarbodiimide

DIPEA N,N-diisopropylethylamine

DLS dynamic light scattering

DMF N,N-dimethylformamide

DMSO dimethyl sulfoxide

DNA deoxyribonucleic acid

D,O deuterium oxide

DTT DL-dithiothreitol

ECD electronic circular dichroism

Fmoc fluorenylmethoxycarbonyl

FT-IR Fourier-transform infrared spectroscopy

GSK Glaxo Smith Kline — solvent selection guide

HATU 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium
3-oxide hexafluorophosphate

HIV Human Immunodeficiency Virus

HOAt 1-hydroxy-7-azabenzotriazole

HPLC high-performance liquid chromatography




HPLC-MS | high-performance liquid chromatography-mass spectrometry
MCT mercury-cadmium-telluride

MeOH methanol

ML machine learning

MQ water Milli-Q water

NMR nuclear magnetic resonance spectroscopy

OxymaPure | ethyl (hydroxyimino)cyanoacetate

PATs process analytical technologies

PBS phosphate-buffered saline

PC propylene carbonate

PEEK polyetheretherketone

PNA nucleic acid analogs

ROESY rotating-frame nuclear Overhauser effect spectroscopy
RNA ribonucleic acid

RP-HPLC reverse-phase high-performance liquid chromatography
SPPS solid-phase peptide synthesis

TEM transmission electron microscopy

TFA trifluoroacetic acid

TIPS tris(1-methylethyl)silane

TOCSY total correlation spectroscopy

2-Me THF | 2-methyltetrahydrofuran




1. Introduction

1.1. Foldamer
Biopolymers, including nucleic acids (RNA and DNA), proteins, and peptides, are
fundamental to the structure and function of living organisms. (1) Proteins and peptides
are composed of amino acids, containing 20 different types of a-L amino acids, some of
which are essential. (2) Beyond naturally occurring amino acids, scientists have
developed synthetic non-natural amino acids and peptide-like compounds in laboratory
settings, expanding their applications in research, (3) medicine, (4) and biotechnology.
(5) These artificially synthesized molecules enable the study of biological activities, (6,
7, 8) the design of targeted therapies, (9, 10, 11) and the development of novel treatments
for various diseases. (12, 13, 14)
Peptides play an essential role in physiological processes such as hormone regulation,
(15, 16) immune response, (17, 18) and cell signaling. (19, 20) Furthermore, they are
utilized in various applications, including cargo delivery systems, (20) hydrogel
nanofibers, (21) and drug development. (21) Artificially produced peptides and proteins
can mimic endogenous biological substances, enhancing their functional potential.
Additionally, numerous engineered peptides, and peptoids have been successfully
synthesized to replicate biopolymer structures and properties. (8)
The stability and structural behavior of peptide derivatives have been a subject of
extensive research. From the 20" century more and more research has focused on the
structure (22, 23, 24) and stability of B-peptides compared to a-peptides. (25, 26, 27)
Subsequent studies examined B-peptides with various side chains, (28, 29) along with vy-
and J-peptides, highlighting their structural diversity (Figure 1.). (30) Alternative
backbone modifications, (31) including the replacement of amide bonds with ureas,
hydrazides, or hydroxyamides, have also been explored, resulting in stable folded
structures. (32) These synthetic peptides are often designed to mimic biological systems

and are referred to as "biotic" molecules. (33, 34, 35)
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1. Figure Examples of peptide structures

Foldamers represent a distinctive class of artificially synthesized, self-assembling
polymers that incorporate non-natural systems. (36, 37) Their secondary structure can be
pre-designed, enabling the creation of biomimetic molecules with specific functionalities.
(38, 39) These polymers exhibit a propensity to fold into various conformations, including
helices, sheets, linear strands, and turns. (40, 41) The stability of their ordered
conformations is governed by non-covalent interactions such as hydrogen bonding,
hydrophobic effects, electrostatic forces, and van der Waals interactions, which occur
between non-adjacent monomer units. (35) This structural adaptability and stability make
foldamers valuable in the development of artificial molecular architectures with potential
applications in biomimetic research and material sciences. (42)
1.1.1. B-peptides

B-Peptides, a significant subclass of foldamers, are composed of B-amino acids and can
be efficiently synthesized through established pathways. Structurally, they resemble o-
peptides but possess key differences that enhance their stability against metabolic
degradation (43, 44) and proteolytic enzymes, as well as improve membrane
permeability. (45) The presence of an additional methylene group between peptide bonds
enables stabilizing intramolecular hydrogen bonding, contributing to their conformational
diversity. (46, 47) B-Peptides can be mono- or di-substituted and may form cyclic ring
structures, with chirality further enriching their structural versatility. (48, 49)

Their structural integrity stems from B-amino acids, which differ from a-amino acids by
positioning the amino group on the B-carbon. This alteration affects the oligomer's
secondary structure and interactions with biological targets. (50, 51, 52) A well-studied
conformation is the 12-helix, stabilized by intramolecular hydrogen bonds, such as that

found in foldamers composed of [1S,25]-2-aminocyclopentanecarboxylic acid.



Modifications in side chains, including cyclic residues and unnatural amino acids,
enhance stability and hydrophobic interactions. (53, 54)
B-Peptide foldamer structures are shaped by various factors, including side-chain
substitutions, backbone stereochemistry, (55, 56) and non-covalent interactions such as
steric repulsion, electrostatic forces, and solvophobic effects. (57, 58) The inherent
flexibility of the f-amino acid backbone allows for precise tuning of foldamer properties,
facilitating diverse functional applications in biomimetics and material sciences.

1.1.2. Function of B-peptide foldamers
B-Peptide foldamers mimic natural peptides and exhibit antimicrobial, antiviral, and
anticancer properties, making them valuable for therapeutic applications due to their
resistance to enzymatic degradation. (59, 60) Their structural features (61) enable them
to competitively inhibit viral entry by mimicking host receptor domains, particularly in
HIV (62, 63) and influenza research. Additionally, their rigidity and tunable side chains
allow for the development of selective enzyme inhibitors targeting proteases and kinases
with high specificity. B-Peptides also disrupt protein-protein interactions in disease-
related signaling pathways, facilitating advancements in biomolecular recognition and
catalysis. These characteristics position B-peptide foldamers as promising tools in drug
development and biomedical research. (64, 65)

1.1.3. Importance of B-peptide foldamers in drug development
Foldamers are versatile molecules with broad applications in drug design, (46, 66)
material science, nanotechnology, (67) and catalysis. (68, 69) Their ability to emulate
peptide structures while maintaining biocompatibility makes B-peptide foldamers
particularly valuable in therapeutics, enabling targeted drug delivery and
immunomodulation. These foldamers have been integrated into nanostructures such as
vesicles and micelles, enhancing pharmacokinetics and cellular uptake. (70, 71)
Beyond drug development, foldamers play a crucial role in nanotechnology by self-
assembling into nanocarriers and responsive materials. Their adaptability allows for the
creation of molecular sensors, diagnostic tools, and environmental monitors, with
potential use in detecting cancer biomarkers or pollutants. Structural modifications and
side-chain diversity enable fine-tuning of their properties, expanding their utility in

biomolecular recognition and therapeutic applications. (72)



Recent advances highlight B-peptide foldamers as promising candidates for disrupting
key protein interactions, such as those involved in tumor suppression. (73, 74) Their
stability and ability to traverse biological membranes further position them as effective
drug delivery systems and molecular therapeutics. (75, 76)
1.1.4. Future directions and challenges

As the field progresses, continued exploration of the design and optimization of B-peptide
foldamers is essential for translating their unique properties into clinical applications.
Challenges remain regarding the large-scale synthesis, characterization, and delivery of
these compounds. Furthermore, comprehensive biological evaluations of the
pharmacokinetics and potential toxicities attributed to -peptide foldamers are necessary
to ensure their safety and efficacy in therapeutic contexts.
Efforts are underway to enhance the functional scope of B-peptide foldamers through
strategic modifications that improve their cellular uptake and modulatory properties
against diverse biological targets. Advances in computational design tools and synthetic
methodologies will aid in refining these foldamer structures to develop optimized
therapeutic agents. (77, 78)
In summary, B-peptide foldamers represent a new frontier in peptide chemistry with
immense potential for therapeutic applications. Their unique structural characteristics
facilitate the emulation of biologically relevant conformations while offering enhanced
stability and functionality. A significant number of synthesis methods are available for
the production of peptides and foldamers, each of which has its own advantages and
disadvantages. As research advances, these foldamers may play pivotal roles in drug
discovery, biomolecular targeting, and the development of novel therapeutic modalities.
(79)

1.2. Continuous-flow synthesis technologies
Continuous-flow synthesis technologies represent a significant advancement in the field
of chemical synthesis, offering numerous advantages over traditional batch processes.
This innovative approach enables the continuous introduction of reagents into a reaction
pathway, fostering improved reaction conditions, automation, and scalability. (80, 81) As
industries seek to enhance efficiency, reduce waste, and meet economic and

environmental sustainability standards, continuous-flow methodologies have garnered



increasing attention across various domains, including pharmaceuticals, (82) materials
science, and specialty chemicals. (83, 84)

1.2.1. Structure and mechanism of continuous-flow systems
Continuous-flow reactors, consisting of interconnected microreactors and tubing systems,
offer significant improvements over conventional batch processes by enabling precise
control over reaction conditions such as temperature, pressure, and residence time. (85)
Their integration with real-time monitoring tools, including process analytical
technologies (PATs), ensures consistent product quality and enhances operational safety.
The modular and scalable nature of these systems facilitates the efficient transition from
laboratory research to industrial production. (86)
Microreactors, a key implementation of continuous-flow technology, provide enhanced
heat and mass transfer due to their high surface area-to-volume ratio, allowing for rapid
thermal equilibration and improved reaction selectivity. (87, 88) Their versatility extends
to various reaction types, including liquid-liquid, gas-liquid, and solid-liquid processes,
making them highly applicable to homogeneous catalysis and multiphase reactions.
Additionally, continuous-flow processing aligns with green chemistry principles by
reducing solvent usage, waste generation, and energy consumption. (89)
By offering superior scalability, automation potential, and environmental benefits,
continuous-flow reactors represent a transformative approach to chemical synthesis,
supporting advancements in drug development, material science, and process
optimization. (90) Their ability to intensify reactions while maintaining safety and
efficiency positions them as a critical technology for modern chemical engineering. (91,
92)

1.2.2. Advantages of continuous-flow synthesis
Continuous-flow synthesis offers numerous advantages, including improved safety,
enhanced reaction efficiency, and reduced environmental impact. By operating in a closed
system, these reactors minimize exposure to hazardous materials and mitigate risks
associated with highly reactive intermediates, such as toxic or thermally unstable
reagents. Their precise control over residence time and reaction conditions enables the
safe execution of exothermic processes and traditionally high-risk reactions, such as

nitration and diazotization. (93)
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The integration of real-time monitoring tools, including infrared and Raman
spectroscopy, enhances process control and ensures consistent product quality.
Continuous-flow systems facilitate higher yields and selectivity through automated
feedback mechanisms, optimizing reaction parameters. (94) Moreover, steady-state
operation eliminates batch-to-batch variability, improving reproducibility and efficiency,
particularly in multistep syntheses. (95)
Automation and high-throughput experimentation further accelerate reaction
optimization and process development. The modular nature of continuous systems
supports iterative synthesis and seamless scalability, allowing for integration with robotic
platforms and machine learning-driven self-optimizing workflows. Their ability to reduce
waste aligns with green chemistry principles, promoting sustainable manufacturing
through solvent minimization, in-line purification, and improved atom economy.(96) As
continuous-flow technology advances, its applications in chemical synthesis, drug
development, and industrial processes continue to expand, reinforcing its role in modern
green chemistry initiatives. (97)

1.2.3. Application in industry
Continuous-flow synthesis has become integral to pharmaceutical and materials science
research, enabling efficient production of active pharmaceutical ingredients (APIs) and
advanced materials. In drug development, continuous-flow methods facilitate the
synthesis of complex molecules, such as oseltamivir and stavudine, while minimizing
intermediate purification, reducing processing time, and improving solvent efficiency.
(98, 99) The enhancement of stereoselective drug production is achievable through the
optimisation of reaction conditions.
Recent advancements integrate automation and machine learning into continuous-flow
systems, allowing self-optimizing synthesis and high-throughput screening, which
accelerates process development and scalability. The technology addresses traditional
drug development challenges, such as hazardous reagent handling, reproducibility, and
environmental sustainability, leading to broader adoption in commercial pharmaceutical
manufacturing.
In materials science, continuous-flow synthesis enables rapid fabrication of nanoparticles
and microporous crystalline materials, benefiting applications in catalysis, energy

storage, and biomedical engineering. Microfluidic platforms improve control over
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particle size distribution and morphology, enhancing efficiency compared to batch
processes. The scalability and precision of continuous-flow systems support the
development of functional materials with tailored physicochemical properties,
reinforcing their significance in modern chemical engineering. (100)
1.2.4. Challenges and future directions

Despite its numerous advantages, continuous-flow synthesis faces challenges in scaling
from laboratory to industrial settings, where maintaining efficiency in larger reactors can
be difficult due to constraints in geometry, pressure drop, and throughput capacity.
Additionally, specialized equipment and interdisciplinary expertise are required for
industrial implementation, increasing costs and complexity, particularly for smaller
enterprises. Regulatory standards, especially in pharmaceutical applications, further
complicate adoption, necessitating robust analytical technologies to ensure consistency
in product quality. (101)
Ongoing research explores solutions such as modular reactor designs, hybrid batch-flow
systems, and predictive digital modeling, which aim to facilitate wider adoption of
continuous-flow technology. Future advancements are expected to focus on integrating
catalysis and in-line purification methods, enhancing sustainability and efficiency.
Furthermore, artificial intelligence (AI) and machine learning are playing a growing role
in optimizing reaction conditions, enabling real-time process adjustments and improving
operational efficiency. (102)
These technological innovations hold transformative potential for chemical
manufacturing, making continuous-flow synthesis more scalable, accessible, and
sustainable. (103) As advancements continue, its applications in pharmaceuticals,
advanced materials, and green chemistry will expand, solidifying its role in modern
chemical engineering. (104)

1.3. Solid-phase peptide synthesis
Solid-phase peptide synthesis (SPPS) is a technique pioneered by R. Bruce Merrifield in
the 1960s, which revolutionized peptide chemistry by enabling the rapid and efficient
synthesis of peptides. (105, 106) This method synthesizes polypeptides on an insoluble
solid support by sequentially adding amino acids. SPPS allows straightforward
manipulation whether at a small scale in laboratories or for large-scale industrial

applications. (107, 108) Its efficiency and ease of use have solidified SPPS as the
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preferred method for producing therapeutic peptides (109) and biopharmaceuticals. (110,
111)

1.3.1. Mechanism of solid-phase peptide synthesis
Peptide elongation was created by Fmoc strategy, where amino acids are sequentially
added and deprotected using coupling reagents such as HATU or DIC. Additives like
Oxyma Pure or HOAt are used to improve coupling efficiency and suppress racemization,
particularly for sterically hindered residues. (112) Automation of this process has
significantly increased reproducibility and throughput, making SPPS the preferred
method for peptide synthesis in research and pharmaceutical applications. (113)
Final peptide cleavage occurs using strong acids like trifluoroacetic acid (TFA), often
combined with scavengers to minimize side reactions. The cleavage efficiency depends
on resin type, protecting groups, and cocktail composition. Small-scale test cleavages and
analytical techniques such as HPLC and mass spectrometry are employed to ensure
peptide integrity and purity. Continuous advancements in cleavage protocols have
improved peptide yield and quality, reinforcing SPPS as a fundamental technique in
synthetic peptide chemistry. (114)

1.3.2. Advantages of solid-phase peptide synthesis
Automation plays a crucial role in SPPS, ensuring reproducibility and scalability for
large-scale production. Advanced technologies, including microwave-assisted synthesis,
have improved coupling efficiency and reduced reaction times, enabling the synthesis of
longer and more complex peptides. Additionally, SPPS supports the incorporation of non-
natural amino acids and post-translational modifications, expanding its applications in
drug development and biomedical research. (115)
Recent innovations, such as orthogonal protecting group strategies and real-time
monitoring systems, have further enhanced SPPS, allowing for the synthesis of peptide
libraries and multifunctional conjugates. The automation of SPPS accelerates drug
discovery timelines and improves process robustness, reinforcing its role as a
fundamental technique in peptide-based therapeutic development. The continued
evolution of SPPS, including flow-based and high-throughput technologies, promises

further advancements in peptide synthesis efficiency and versatility.
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1.3.3. New directions in solid-phase peptide synthesis
Solid-phase peptide synthesis (SPPS) has advanced significantly, yet challenges remain,
particularly in synthesizing longer peptides, incorporating non-natural amino acids, and
optimizing reaction conditions to improve efficiency and reduce side reactions. (116, 117)
Ongoing innovations address these challenges, particularly through green chemistry
initiatives, improved coupling strategies, and automation.
Efforts to enhance sustainability in SPPS include replacing traditional solvents such as
DMF and DCM with environmentally friendly alternatives like 2-methyltetrahydrofuran
(2-MeTHF) and cyclopentyl methyl ether (CPME), which maintain synthesis efficiency
while reducing environmental impact. Additionally, approaches such as reduced solvent
volumes, recycling, and aqueous-phase coupling align with green chemistry principles,
making peptide synthesis more sustainable. (118, 119)
Optimization of coupling strategies has led to the development of highly reactive
reagents, such as uronium and phosphonium compounds, which improve reaction rates
and suppress racemization. Advanced methods, including real-time monitoring, double
coupling strategies, and microwave-assisted SPPS, enhance synthesis efficiency and
purity, especially for complex sequences. (120) Microwave irradiation accelerates
coupling and deprotection steps, enabling the high-throughput synthesis of peptide
libraries with reduced cycle times. (121, 122)
Further advancements include traceless linkers, which simplify peptide purification by
eliminating resin residues, and the integration of SPPS with continuous-flow systems,
improving scalability and real-time reaction monitoring. (123) These approaches enhance
automation and process control, paving the way for more efficient and cost-effective
peptide production. (124, 125)
As research continues, SPPS is evolving into a more sustainable, precise, and scalable
platform for peptide synthesis, supporting advancements in drug development and
biomedical applications. Its integration with emerging technologies ensures its continued

prominence in pharmaceutical innovation.
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2. Objectives

During the course of my doctoral research, I sought to synthesise artificial self-assembly
foldamers, undertake their structural analysis, automate their synthesis, increase the
volume of synthesis and enenhance their environmental sustainability.

As a preliminary step, I synthesised a self-assembly molecule composed of B-amino acids
by solid phase peptide synthesis. Then, I purified the resulting peptide by RP-HPLC.

In order to obtain further information about the structure of the synthesised peptide, a
range of NMR measurements (COSY, TOCSY, ROESY), ECD and FT-IR were
performed. These studies indicated that a well-defined structure had been successfully
formed.

The subsequent step was to automate the synthesis, which initially proved challenging
due to the coupling of B-amino acids. Consequently, the conditions for the automated
synthesis had to be defined with the most optimal conditions. This was initially done with
shorter peptide chains composed of a-amino acids, and then longer chains were produced
with increasing chain lengths and better yields. The parameters necessary for successful
synthesis had been established. The experiment proved successful in a continuous-flow,
automated system.

The primary challenge was to enhance the environmental sustainability of the synthesis.
The solvent utilised in the process exhibited the greatest environmental impact, prompting
the investigation of alternatives with a reduced environmental footprint. Research has
demonstrated propylene carbonate to be the most prevalent green solvent in recent years,
thus prompting the replacement of DMF with this alternative. This substitution yielded a
synthesis that operated flawlessly, with no decline in yield and no deterioration in material
quality. Consequently, it can be concluded that the transformation of the reaction into a

more environmentally sustainable process was successful.
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3. Methods
3.1. Peptide synthesis

3.1.1. Solid phase peptide synthesis in a Merrifield-glass
With Fmoc chemistry, the peptide chains were elongated on Tentagel R RAM resin (0.20
mmol g'). First, 3 equivalents of Fmoc-protected amino acid, 2.5 equivalents of the
coupling agent ethyl cyanoglyoxylate-2-oxime (OxymaPure) and 3 equivalents of N,N-
dicyclohexylcarbodiimide (DCC) were used in N,N-dimethylformamide (DMF) as
solvent with shaking for 2 h. After the coupling step, the resin was washed 3 times with
DCM, once with MeOH and 3 times with DCM. Deprotection was performed with 2%
1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) and 2% piperidine in DMF in two steps, with
reaction times of 5 and 15 min. The resin was washed with the same solvents as described
previously. The cleavage was performed with TFA/water/TIPS/DTT (95:2:2:1) at 0 °C
for 2 h.

3.1.2. Continuous flow solid phase peptide synthesis
Peptide chains were extended on a Tentagel R RAM resin (0.20 mmol g!). For CF
experiments, a modular CF apparatus was assembled, consisting of a cylindrical PEEK
column (with internal dimensions of 250%4 mm) filled with the resin (350 mg), a semi-
preparative pump (JASCO PU-4086), an HPLC autosampler (JASCO AS-4150), a
column oven (JASCO CO-4060), two line-selecting valve units (JASCO HV-4380), and
a backpressure regulator. A coupling mixture, consisting of 1.5 equivalents of Fmoc-
protected B-amino acid and 1.5 equivalents of OxymaPure as coupling reagent dissolved
in DMF and 1.5 equivalents of DIC, was mixed by the autosampler. The coupling mixture
has been prepared immediately before the coupling reaction by the autosampler of the
reactor. Coupling reactions were carried out at the optimized reaction conditions, 60 bar
pressure, 65 °C temperature, and 0.2 mL min™! flow rate. For Fmoc deprotection the
solution of 2 mL of 2% DBU 2% piperidine in DMF has been used. Between two
chemical steps DMF was used for washing for 5 min. The cleavage was performed with
the same method, TFA/water/TIPS/DTT (95:2:2:1) at 0 °C for 2 h in a round-bottom
flask.

16



3.2. Structure investigations

3.2.1. Circular dichroism (CD) spectroscopy
CD spectra were measured on a Jasco J-1500 spectropolarimeter at 25°C in a 0.1 cm path
length regtangular quartz cuvette (Hellma, Plainview, NY) in a continuous scanning
mode between 190 and 250 nm at a rate of 50nm min™! | with a data pitch of 0.5 nm, a
response time of 4 s, a 1 nm bandwidth and 3 times accumulation for each sample. The
baseline spectrum recorded with only the solvent was subtracted from the raw data. The
concentration of the sample solutions in ultrapure water, methanol and PBS was 1 mM.
Molar circular dichroism is given in molar ellipticity.

3.2.2. Fourier-transform infrared spectroscopy (FT-IR)
A Varian 2000 FT-IR Scimitar spectrometer (Varian Inc., Palo Alto, CA) was used for
FT-IR spectroscopic measurements. The spectrometer is fitted with a liquid nitrogen-
cooled mercury-cadmium-telluride (MCT) detector with a “Golden Gate” single
reflection diamond ATR accessory (Specac Ltd., Orpington, U.K.). On the diamond ATR
surface, 3 uL of the sample was mounted and spectrum was accumulated (2 cm -1
resolution and 64 scans) for the dry film after gradual evaporation of the buffered solvent
under ambient conditions. ATR correction for every data acquisition, buffer subtraction
and baseline corrections were performed. The GRAMS/32 software package (Galactic
Inc.) was used for all spectral manipulations.

3.2.3. Nuclear magnetic resonance (NMR)
NMR measurements for signal assigment were carried out on a Bruker Avance II1 500
MHz spectrometer equipped with a cryo probe head. Peptide samples (4 mM) were
prepared in H,O/D>0 90:10 v/v, DMSO-ds or CD30H and transferred into 5 mm NMR
sample tubes. For the ROESY spinlock, a mixing time of 300 ms was used; the number
of scans was 16 and roesyesgpph or roesyph.2 (DMSO-ds) pulse sequence was applied.
The TOCSY measurement was performed with the mlevesgpph or mlevph (DMSO-ds)
sequence, with a mixing time of 150 ms; the number of scans was 16. For all 2D spectra,
4k time domain points and 512 increments were applied. T2 relaxation experiments were
carried out by cpmg_esgp2d or cpmg (DMSO-ds) pulse sequence; the relaxation delays
were incremented in the following order: 1, 2, 4, 8, 16, 32, 64, 128, 256, 512, and 1024

ms.
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The NH/ND exchange was recorded on a Varian Mercury 400 spectrometer equipped
with ATB PFG probe head. The samples were prepared in 4 mM concentration in CD;0D
and transferred into standard 5 mm NMR sample tubes. The recording was started 10
minutes after complete solubilization. The 'H spectra were recorded using 64 scans with
45 degree pulse and 5 s relaxation delay.
3.3. Particle size measurement

3.3.1. Dynamic light scattering (DLS)
DLS measurements can provide information about the size distribution profile of matter
in solution. The peptides were dissolved in MQ water to a concentration of 4 mM. DLS
measurements were performed at 25°C on a Litesizer 500 (Anton Paar, Hamburg,
Germany) equipped with a He-Ne laser (backscattered detector fixed at 175°, side scatter
90° detector angle, front scatter 15°detector angle). The correlation function and
distribution of the apparent hydrodynamic diameter (dn) over the scattered intensity of the
samples were determined on the basis of 3x10 scans.

3.3.2. Transmission electron microscopy (TEM)
TEM measurements can give information about the morphology of the matter. The
peptides were dissolved in water to a concentration of 1 mM and the solution was
sonicated for 5 min. Drops of 5 pL of solutions were placed onto the specimen holder,
200-mesh copper grid with a support film made of 01700-F formvar (Ted Pella, Inc. USA)
and dried on the air on 25 °C for 10 min. Specimens were studied with a MORGAGNI
268D (FEI, Endhoven, The Netherlands) transmission electron microscope operating at
80 kV and equipped with a Quemesa 11-megapixel bottom-mounted CCD camera (Emsis
GmbH, Germany). Images were taken with a view system, at magnifications of x10000
and x8000 and analyzed on the iTEM analysis platform (RADIUS 2.1 Acquisition and
Control Software; EMSIS Gmbh, Germany).
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4. Results
4.1. Betain-conjugated foldamers

Two principal archetypes of B-peptide helices have been extensively characterized in
three dimensions: the right-handed H12 helix, formed by homochiral homooligomers of
[15,2S]-2-aminocyclopentanecarboxylic acid (ACPC), and the right-handed H10 helix,
formed by the homochiral tetramer of [1R,2R]-2-aminocyclohexanecarboxylic acid
(ACHC). In contrast, strand-like conformations are exemplified by previously reported
alternating heterochiral homooligomers composed of [15,25]-ACPC and [1R,2R]-ACPC
residues.

In the present study, these oligomeric systems were functionalized with an N-terminal
betaine moiety. Specifically, we synthesized a betaine-conjugated homochiral pentamer
of [1§,25]-ACPC, a betaine-conjugated tetramer of [1R,2R]-ACHC, and a betaine-
conjugated alternating heterochiral homooligomer comprising [1S,25]-ACPC and
[IR,2R]-ACPC residues. The molecular structures of the synthesized betaine-

functionalized oligomers are depicted in Figure 2.
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2. Figure The chemical structures of betaine-conjugated foldamers (126)
4.1.1. Synthesis of foldamers
The initial synthesis of compounds 1-3 was attempted using conventional SPPS
protocols. However, the incorporation of betaine, a sterically demanding moiety bearing
a quaternary ammonium group, proved unsuccessful under these conditions, as the target

products could not be isolated. To address this limitation, continuous-flow solid-phase
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peptide synthesis (CF-SPPS) was employed. This method enables efficient coupling with
minimal excess of amino acid reagents while ensuring complete reaction conversion.
Although CF-SPPS has previously been applied to the synthesis of B-peptides, its utility
for the conjugation of bulky betaine groups to sterically hindered B-amino acids had not
been demonstrated. Under optimized CF-SPPS conditions, compounds 1-3 were
successfully synthesized, yielding crude products with purities exceeding 96% and
isolated yields greater than 91%.
4.1.2. Structure investigation
4.1.2.1.  Results of NMR investigation

The three-dimensional conformations of compounds 1-3 were initially investigated
through NH/ND exchange experiments, monitored via a series of 1H NMR spectra
recorded in CDsOD at a concentration of 4 mM and a temperature of 297 K. For
compound 1, the time-dependent attenuation of NH signal intensities indicated significant
protection from solvent exchange, consistent with intramolecular hydrogen bonding

(Figure 3).
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3. Figure Time dependence of the NH/ND exchange for 4-mM solutions of 1 in CD;OD (126)

Notably, the amide proton at the C-terminus underwent rapid exchange upon dissolution,
whereas other NH signals persisted for longer durations. The slowest exchange was
observed for NH2, located centrally within the helix, suggesting substantial shielding.
NHI1 and NH3 also exhibited slow exchange, with the latter expected due to its central
position. The unexpectedly slow exchange of NH1 is likely attributable to steric shielding
by the adjacent bulky betaine moiety. In contrast, NH4 exchanged more rapidly, and NHS

was lost immediately upon dissolution.
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In the case of compound 2, significantly slower exchange kinetics were observed. Over a
two-week period, only 5-10% exchange occurred, and complete exchange was not
achieved even after two months. These findings do not support the formation of an H10
helix; rather, they are indicative of an H14 helical fold and suggest potential self-
association.

For compound 3, all amide protons exchanged immediately upon dissolution, consistent
with an extended, strand-like conformation.

To obtain high-resolution structural information, additional NMR experiments —
including COSY, TOCSY, and ROESY — were conducted in CD;OD, DMSO, and
aqueous solution (90% H20/10% D:0) at 4 mM concentration and 297 K. Complete
backbone proton assignments were achieved for compounds 1 and 2. Long-range NOE
interactions, characteristic of helical B-peptide secondary structures, were identified and

are presented in Figure 4.

4. Figure Long-range NOE interactions for 1 (a) in DMSO-d6, and for 2 (b) found in DMSO-d6, CD;:OH
or water (90% H>0 + 10% D:0) (126)

For compound 1, NOE cross-peaks such as HN(4)-HB(1), HN(5)-HB(2), and Ho(5)—
HP(2) were observed in all solvents tested, confirming the formation of an H12 helix.
These interactions were consistent across methanol, water, and even the chaotropic
solvent DMSO, indicating that the helical structure is retained upon betaine conjugation.
In contrast, compound 2 exhibited a distinct NOE pattern, including HN(1)-Hp(4),
Ho(1)-HB(4), and CHa(betaine)-HP(3), which are indicative of an H14 helical
conformation. These results suggest that the presence of the betaine moiety alters the
preferred secondary structure, favoring H14 over the previously reported H10 helix.

For compound 3, poor signal dispersion precluded complete backbone assignment and

the identification of long-range NOEs. This lack of dispersion supports the presence of a
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strand-like conformation. Nevertheless, the incorporation of the charged quaternary
ammonium group from the betaine moiety enhanced solubility in CD;OD, DMSO, and
aqueous solution at 4 mM, thereby enabling further structural characterization.

4.1.2.2. ECD
To further substantiate the structural characterization of the synthesized compounds,
electronic circular dichroism (ECD) spectroscopy was performed in methanol and

aqueous solutions at a concentration of 1 mM and ambient temperature (Figure 5).
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5. Figure ECD curves of 1 mM solutions of 1 (solid), 2 (dashed) and 3 (dotted) in methanol (a) and in
water (b). Intensities were normalized for the number of chromophores (126)

The ECD spectrum of compound 1 in methanol exhibited a weak positive Cotton effect
near 226 nm and a pronounced negative band at approximately 200 nm—features
characteristic of a right-handed H12 helical conformation. In aqueous solution, the
positive band persisted at 223 nm, while the negative band at 201 nm showed a marked

increase in intensity. These observations suggest that the H12 helical structure is
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preserved in water and may even exhibit enhanced stability, potentially due to solvent-
induced self-association.
For compound 2, the ECD spectrum in methanol revealed a positive band at 225 nm and
a more intense negative band at 202 nm. These slight bathochromic shifts, relative to
compound 1, are indicative of a more compact helical structure, consistent with the
formation of an H14 helix. In aqueous solution, the positive band appeared at 224 nm and
the negative band shifted to 200 nm, albeit with reduced intensity. This solvent-dependent
variation in spectral features supports the presence of an H14 helical fold and suggests
that solvent polarity may influence the degree of helix stabilization and potential self-
association.
In contrast, the ECD spectrum of compound 3 displayed a markedly different profile.
Notably, the spectrum did not cross the baseline, a feature commonly associated with
extended, strand-like conformations. In methanol, two positive bands were observed at
212 nm and 204 nm, and a similar pattern was retained in aqueous solution, with
comparable intensities. These results indicate that the strand-like conformation of
compound 3 is largely unaffected by solvent environment. The incorporation of the
quaternary ammonium group via betaine conjugation significantly enhanced solubility in
both methanol and water, thereby enabling reliable ECD measurements in both media.
4.1.23. FT-IR
To complement the structural characterization, Fourier-transform infrared (FT-IR)
spectroscopy was employed to investigate the conformational features of compounds 1-

3.
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6. Figure FT-IR spectra in the amide I region of 1 (a), 2 (b) and 3 (c). Spectra were recorded for dry film
samples from 1 mM peptide solution and normalized by the area. The solid and dash lines denote the
measured and the fitted curves, respectively, whereas thin curves correspond to individual band
components (using second derivative IR spectra and Fourier self deconvolution). (126)

The amide I region, primarily arising from the C=0 stretching vibrations of the peptide
backbone, provides insight into hydrogen bonding and secondary structure. For

compound 1, the deconvoluted amide I spectrum (Figure 6) exhibited a dominant band at
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approximately 1641 cm™, indicative of strong intramolecular hydrogen bonding,
consistent with a helical conformation. Additional shoulders at ~1685 cm™ and ~1667
cm! likely correspond to weaker hydrogen bonds, such as those involving the C-terminal
amide group. Although no reference FT-IR spectrum for the H12 helix is currently
available, these spectral features strongly support the presence of a stable helical
structure.
In the case of compound 2, the deconvoluted amide I band revealed characteristic
absorptions at ~1646, 1674, and 1690 cm™, corresponding to carbonyl groups engaged in
varying degrees of hydrogen bonding. The relative intensities of the 1646 and 1690 cm™
bands are consistent with the formation of an H14 helix. These findings corroborate the
NMR data, suggesting that betaine conjugation promotes a shift from the expected H10
helix to an H14 helical fold.
Conversely, the FT-IR spectrum of compound 3 displayed a distinct pattern. A sharp band
at ~1643 cm™, accompanied by a shoulder at ~1690 cm™, reflects the presence of both
strong and weak hydrogen bonds. Additionally, a shoulder at ~1611 cm™ suggests the
involvement of intermolecular hydrogen bonding, characteristic of B-sheet-like, strand-
based structures.

4.1.24. TEM
The markedly slow NH/ND exchange observed for compound 2, along with the FT-IR
data for compound 3, implies the potential for self-association among the betaine-
conjugated B-peptides. To further investigate this phenomenon, transmission electron
microscopy (TEM) was conducted on aqueous solutions of the compounds at 4 mM

concentration. Samples were imaged following dissolution and sonication (Figure 7).
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7. Figure TEM images of vesicles observed after dissolution and sonication of 4 mM solutions of 1 (a, b),
2 (c) and 3 (d) in water (126)

Remarkably, vesicle formation was observed for the helix-forming compounds 1 and 2
even in aqueous solution. This represents the first reported instance of a B-peptide
adopting an H12 helical conformation that undergoes self-association into vesicular
structures. Transmission electron microscopy (TEM) revealed vesicles with diameters
ranging from approximately 130 to 200 nm for compound 1 (Figure 7a and 7b). For
compound 2, vesicles of slightly larger average diameter (~200 nm) were detected
(Figure 7c).

The vesicles formed by compound 2 were assembled rapidly. Notably, vesicle formation
occurred immediately upon dissolution and sonication, without the need for prolonged
incubation. These findings suggest that the introduction of quaternary ammonium groups
via betaine conjugation enhances the vertical amphiphilicity of B-peptides, thereby
promoting self-association and vesicle formation. This highlights the dual role of betaine
conjugation in modulating both secondary and higher-order (tertiary) structural
organization. Importantly, the observation of vesicle formation in water—a biologically
relevant solvent—underscores the potential applicability of these systems in aqueous
environments.

In contrast, TEM analysis of compound 3 revealed a distinctly different morphology

(Figure 7d). No vesicular structures were observed; instead, nanoscale fibrillar
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assemblies were detected. This observation aligns with existing literature, which reports
that peptides adopting strand-like conformations often exhibit a strong propensity for
fibril formation. However, this study presents the first documented case of B-peptide fibril
formation occurring in aqueous medium. Furthermore, the fibrils appeared to organize
into an interconnected, net-like fibrinous architecture.

4.2. Peptide synthesis in a continuous-flow reactor
The development of CF-SPPS represents a significant advancement in the pursuit of
sustainable chemical manufacturing. This methodology is particularly impactful within
the framework of green chemistry, as it supports the reduction of hazardous reagent use
and enhances overall process efficiency. Propylene carbonate (PC) is recognized as a
green solvent due to its favorable environmental profile and sustainable production
pathway. It is synthesized via the reaction of propylene oxide with carbon dioxide, a
process that not only utilizes CO> — a major greenhouse gas — but also contributes to its
reduction in the atmosphere. This transformation yields a solvent characterized by low
toxicity, thereby enhancing safety for both human health and the environment.
Despite its numerous advantages, propylene carbonate (PC) has not yet seen widespread
adoption in flow-based chemical synthesis. In this study, we aim to integrate PC into
continuous-flow solid-phase peptide synthesis (CF-SPPS) protocols and develop a
scalable CF-SPPS platform capable of producing peptides on a gram scale.

4.2.1. Determining the reaction conditions

A continuous-flow (CF) reactor system was employed in this study (Figure §),
comprising a high-performance liquid chromatography (HPLC) autosampler, an HPLC
column thermostat equipped with a stainless-steel column, a semi-preparative HPLC
pump, a back-pressure regulator, and a line selection valve system. This configuration
enabled the recirculation of reagent solutions through the resin bed, facilitating efficient
peptide synthesis.
The HPLC autosampler ensured precise and reproducible mixing and injection of
reagents, while the semi-preparative HPLC pump provided pulse-free, consistent delivery
of liquids. The peptide synthesis resin was packed into a stainless-steel column, which
was thermally regulated using the HPLC column thermostat to maintain the desired
reaction temperature. A back-pressure regulator was incorporated to stabilize system

pressure, ensuring consistent flow conditions throughout the synthesis process.
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Throughout the optimization process, the crude product purity was systematically

monitored to evaluate the effectiveness of each set of conditions.

_
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8. Figure Schematic illustration of the CF apparatus used. PC was used (127)

Initially, the temperature dependence of the coupling reaction was systematically
investigated on 30, 50, 70 and 90 °C. The highest coupling efficiency was observed at
70 °C, indicating that elevated temperatures significantly enhance reaction kinetics.
After selecting the most optimal temperature, pressure was the next parameter to be
investigated on 1, 20, 40, 60 and 80 bar. The results demonstrated that maintaining a
moderate back-pressure was essential for ensuring consistent reagent flow and
maximizing coupling performance. At 60 bar, the crude purity reached 96% and further
increase in pressure did not improve the outcome. These findings underscore the
importance of fine-tuning both thermal and pressure parameters to achieve optimal
reaction conditions in CF-SPPS.

To enhance the efficiency of the synthesis process, the flow rate was systematically tested
with 0.50, 0.30, 0.15 and 0.05 mL min!. The flow rate of 0.3 mL min™ was found to
maintain high crude product purity, demonstrating that increased throughput can be
achieved without compromising the quality of the synthesized peptides.

The influence of amino acid equivalents on coupling efficiency was also systematically
investigated with 1.5, 1.2, 1.0 and 0.8 equivalents. A reduction in the amount of amino
acid resulted in significantly decreased crude product purity, indicating that a minimum
threshold is required to maintain synthesis quality. The most optimal quantity is said to
be 1.5 equivalents of amino acids.

In a further effort to minimize solvent consumption within the CF-system, the

concentration of the coupling mixture was optimized. The investigated concentrations
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were 300, 200, 100 and 50 mM. The excellent crude purity was preserved at a
concentration of 100 mM, corresponding to the dissolution of 0.1 mmol of amino acid in
I mL of PC. This result demonstrates that solvent usage can be substantially reduced
without compromising the efficiency or outcome of the synthesis.
4.2.2. Synthesized a-peptides

The specified operational parameters were uniformly maintained throughout all synthetic
procedures. Specifically, the thermostat was set to a constant temperature of 70 °C, the
back-pressure regulator was adjusted to 60 bar, and the residence time was fixed at 5
minutes, corresponding to a flow rate of 0.3 mL min'. The column measuring 25 cm in
length was packed with 300 mg of Tenta Gel R RAM resin. For the coupling reaction,
1.5 equivalents of amino acids were employed alongside 1.5 equivalents of the
OxymaPure as the coupling agent, in the presence of 1.5 equivalents of N,N-
diisopropylcarbodiimide (DIC). Reagent mixing was automated and conducted via the
autosampler. Deprotection was achieved using a solution containing 2% piperidine and
2% 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) in PC. A washing step with PC was
performed for 5 minutes between the coupling and deprotection stages.

To evaluate the performance of CF setup described above, an initial synthesis of a simple
a-peptide (compound 4) was conducted. Upon completion of the peptide chain assembly,
the resin was removed from the column, and standard offline cleavage protocols were
applied. The resulting crude peptide was lyophilized and subsequently analyzed using
high-performance liquid chromatography coupled with mass spectrometry (HPLC-MS).
As presented in Table 1, compound 4 was obtained with an isolated yield of 96% and a

crude purity exceeding 98%, demonstrating the efficiency of the synthetic process.
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1. Table Results of the synthesized a-peptides using PC as solvent at a 0.07 mmol scale (127)

Sequence of the peptide with one- Raw puri .
Compound d letter code pep [%Ij y Yield [%]
4 ALFEK-NH; >98 96
5 KRLFKKLLFSLRKY-NH; >96 94
6 RQIKIWFQNRRMKWKK-NH> >97 93
7 GMASKAGAIAGKIAKVALKAL-NH> >95 91

Encouraged by these promising results, the CF setup was further applied to the synthesis
of three additional a-peptide sequences (compounds 5, 6, and 7), each possessing
significant biomedical relevance. Specifically, compounds 5 and 7 correspond to the
antimicrobial peptides DHVAR-4 and PGLA, respectively, while compound 6, known as
penetratin, is a well-characterized cell-penetrating peptide. The optimized CF-SPPS
protocol proved to be both rapid and efficient, yielding high product purities and excellent
isolated yields across all tested sequences. These findings underscore the robustness and
effectiveness of the CF reaction setup, particularly when employing PC as the solvent
medium.
4.2.3. Synthesized B-peptides

Given the satisfactory coupling efficiencies observed for longer peptide chains
comprising up to 21 amino acids, the optimized CF synthesis protocol was further
evaluated using more challenging sequences, specifically B-peptides. The incorporation
of B-amino acids typically necessitates the use of specialized coupling reagents, such as
1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide
hexafluorophosphate (HATU), in conjunction with N, N-diisopropylethylamine (DIPEA)
as a base. However, upon mixing HATU and DIPEA in propylene carbonate (PC), minor
precipitation was observed, which led to clogging of the reactor tubing.

To circumvent this issue, the previously validated coupling system — comprising
OxymaPure and N,N'-diisopropylcarbodiimide (DIC) — was employed. Due to the
inherently lower reactivity and steric hindrance associated with B-amino acids, the
coupling reagents were recirculated through the resin bed by switching the valve system
to recycling mode. Both coupling and deprotection steps were extended to 30 minutes to
ensure completeness. The prolonged deprotection time was particularly important to the

Fmoc removal in B-peptide compounds.
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Using this modified protocol, B-peptides and a hybrid o/p-peptide (compound 1, 2, 3, 8
and 9) were successfully synthesized (Figure 9). Following chain assembly, the peptides
were cleaved from the resin under standard conditions, lyophilized, and analyzed. The
crude products exhibited excellent purities and good to excellent isolated yields. Further
confirm the high purity of the crude peptides (7able 2) obtained after ethereal
precipitation, thereby validating the robustness of the CF-SPPS method for the synthesis

of structurally complex - and o/B-peptides.
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9. Figure Structures of the synthesized [-peptide foldamers using PC as solvent at a 0.07 mmol scale.
(127)
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2. Table Results of the synthesized [-peptide foldamers using PC as solvent at a 0.07 mmol scale. (127)

Entry Compound Raw purity [%] Yield [%]
1 5 >96 89
2 6 >97 87
3 7 >98 86
4 8 >98 91
5 9 >98 93

4.2.4. Advantages of the upscaled peptide synthesis in a continuous-flow
reaction

A direct comparison of the time required for peptide chain assembly under conventional
SPPS conditions and the CF-SPPS protocol using PC as the solvent reveals a substantial
difference in efficiency (7able 3). Both approaches were conducted at identical scales and
with equivalent reagent concentrations to ensure comparability. For the manual SPPS
process, coupling and deprotection durations were based on established literature
protocols. The results clearly demonstrate that the CF-SPPS method significantly reduces
synthesis time relative to traditional SPPS, highlighting the time-efficiency advantage of
the CF approach.

3. Table Comparison of the time needed for the complete peptide chain assembly under the classic SPPS
and the CF-SPPS conditions using PC as solvent at a 0.07 mmol scale. (127)

Compound Classic SPPS [min]” CF-SPPS [min]”)
1 ~820 ~124
2 ~2260 ~334
3 ~2580 ~381
4 ~3380 ~498
5 ~1120 ~357
6and 7 ~2560 ~427
8 ~2340 ~357
9 ~1100 ~240
3Coupling time: 120 min, deprotection: 20 min, washing 20 min. ®Coupling
time for 1-4 and for 5-9: 6.7 min and 30 min respectively, deprotection time
for 1-4 and for 5-9: 6.7 and 30 min respectively, washing 10 min

In addition to the accelerated reaction times, a notable benefit of the developed CF-SPPS
methodology is its markedly reduced solvent consumption. As shown in Table 4, the
volume of solvent required for CF-SPPS is minimal when compared to that used in
conventional SPPS techniques. Quantitative analysis indicates that the CF-SPPS process
utilizes approximately two orders of magnitude less solvent than traditional batch-based

methods. This substantial reduction not only enhances the environmental sustainability
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of the process but also contributes to lower operational costs, reinforcing the practical

advantages of the CF-SPPS platform.

4. Table Comparison of the time needed for the complete peptide chain assembly under the classic SPPS
and the CF-SPPS conditions using PC as solvent at a 0.07 mmol scale. (127)

Compound Solvent used for peptide chain synthesis (mL)
Classic SPPS CF-SPPS
1 ~1680 ~18.5
2 ~4650 ~50.1
3 ~5310 ~57.2
4 ~6960 ~74.7
S ~1680 ~18.6
6 and 7 ~2010 221
8 ~1680 ~18.6
9 ~2010 ~22.1

An additional objective of this study was to scale up the CF-SPPS process by employing
HPLC columns with increased loading capacities. Building upon our previous findings
and considering the geometrical parameters of larger columns, calculations were
performed to determine the appropriate amount of resin required for complete and
uniform packing, as well as the necessary flow rates to maintain a residence time of 5
minutes — both critical parameters for successful continuous-flow peptide synthesis.
For the scale-up experiments, two columns of identical length (250 mm) but differing
internal diameters — 10 mm and 20 mm — were utilized. These configurations enabled
synthesis at significantly larger scales, corresponding to 0.375 mmol and 1.5 mmol,
respectively. For reference, previous work using a 4 mm diameter column of the same
length demonstrated that 300 mg of resin was sufficient, with a flow rate of 0.3 mL min™!
ensuring a 5-minute residence time.

To adapt the process for larger columns, the internal volumes of the columns were first
calculated. By subtracting the volume occupied by the packed resin from the total column
volume, the dead volume—representing the solvent-filled space during synthesis—was
determined. Dividing this dead volume by the target residence time yielded the required
flow rate for each column configuration. The synthesis scale was then estimated by
multiplying the mass of the packed resin by the loading capacity of the TentaGel R RAM

resin (0.2 mmol g™).
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5. Table Results of the synthesis of CF-SPPS carried out with a column with a diameter and length of 10
and 250 mm at a scale of 0.375 mmol. (127)

Compound Isolateq amount of ng Yield Solvent used Time qeeded
peptide [mg] purity [mL] [min]
2 794 >96% | 84 ~626.8 ~334
3 993 >97% | 87 ~714.6 ~381
4 782 >95% | 86 ~933.9 ~498

To validate the accuracy of the scale-up calculations, three a-peptides (compound 2, 3,
and 4), each with significant biomedical relevance, were synthesized at a 0.375 mmol
scale using a column with a 10 mm internal diameter. The outcomes of these syntheses
are summarized in Table 5. In all cases, high crude purities and satisfactory isolated yields
were achieved. Notably, peptide quantities approaching the gram scale were obtained
within a total synthesis time of 5-8 hours for each sequence.

A key advantage of the process is the continued use of propylene carbonate (PC) as the
reaction solvent. The total solvent consumption remained in the mL range, representing
a reduction of approximately one order of magnitude compared to conventional SPPS
protocols, which typically require solvent volumes in the liter range.

To further assess the robustness of the scale-up strategy, the synthesis of compound 3
(penetratin) was performed using a column with dimensions of 250 mm in length and 20

mm in diameter. The results are presented in Table 6.

6. Table Results of CF-SPPS synthesis carried out with a column possessing a diameter and length of 20
and 250 mm at a scale of 1.5 mmol (127)

Compound Isolated amount of | Raw Yield Solvent used | Time needed
ompou peptide [mg] purity © [mL] [min]
3 4154 >97% 91 ~2858.3 ~334

Remarkably, over 4 grams of penetratin were isolated in under 6 hours of synthesis time.
Once again, PC was employed as the solvent, with total consumption remaining below 3
liters.

These findings underscore the efficiency, scalability, and sustainability of the developed

continuous-flow platform for peptide synthesis.
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5. Discussion

5.1. Betaine-conjugated foldamers
The conjugation of betaine significantly influenced the folding behavior, self-assembly
properties, and solubility of a series of PB-peptide foldamers. The oligomers were
synthesized using an efficient continuous-flow solid-phase peptide synthesis (CF-SPPS)
approach, which enabled the use of only a 1.5-fold excess of amino acids, highlighting
the economic and scalable nature of the method.
For the homochiral [15,25]-ACPC pentamer (compound 1), betaine conjugation did not
alter the characteristic H12 helical conformation. However, it markedly enhanced the
oligomer’s propensity for self-association, as evidenced by the formation of vesicles with
diameters ranging from 130 to 180 nm in aqueous solution, as observed via transmission
electron microscopy (TEM).
In the case of the [1R,2R]-ACHC tetramer (compound 2), betaine conjugation induced a
notable shift in secondary structure, favoring the formation of an H14 helix over the
expected H10 conformation. This structural transition was accompanied by a pronounced
increase in self-association, with vesicles approximately 200 nm in diameter forming
immediately upon dissolution and sonication.
For the alternating heterochiral [1S5,25]-ACPC/[1R,2R]-ACPC pentamer (compound 3),
betaine conjugation primarily enhanced solubility in aqueous media. The expected
extended strand (E-strand) conformation was retained, which facilitated self-assembly
into amyloid-like fibrils. Interestingly, the presence of the betaine moiety subtly altered
the aggregation behavior, resulting in the formation of a concatenated, fibrin-like network
structure.
Overall, the observed self-association of all three betaine-conjugated -peptide foldamers
in aqueous environments underscores their potential for biomedical and materials science
applications. These findings demonstrate that the introduction of alicyclic side chains and
charged functional groups can be strategically employed to fine-tune both secondary and
tertiary structural features of B-peptides.
The method was further validated through the successful synthesis of more structurally
demanding sequences, including four B-peptide foldamers and an o/B-peptide chimera.
For scale-up purposes, column geometries were optimized to accommodate increased

resin loading and to maintain appropriate flow rates and residence times. This
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optimization enabled peptide synthesis on a scale exceeding 4 grams, demonstrating the
method’s robustness and scalability.
A notable advantage of this approach is the minimal solvent requirement, which
significantly enhances its environmental profile. The low solvent consumption, combined
with high synthetic efficiency, aligns with the principles of green chemistry by reducing
waste and improving overall sustainability. This advancement highlights the potential of
CF-SPPS using PC as a solvent to meet the growing demand for greener and more
efficient peptide synthesis technologies.

5.2. Upscaled synthesis
A rapid, environmentally sustainable, and highly efficient continuous-flow solid-phase
peptide synthesis (CF-SPPS) platform has been developed for the synthesis of a broad
range of peptides and foldamers using propylene carbonate (PC) as the solvent. The
primary objective was to replace the commonly used dimethylformamide (DMF) with a
more environmentally benign alternative. PC, identified as an optimal choice according
to the GlaxoSmithKline (GSK) solvent selection guide, was selected for this purpose.
PC serves as a greener alternative to the traditionally used dimethylformamide (DMF).
To assess its compatibility with CF-SPPS, four a-peptides were synthesized, yielding
products of high purity and efficiency. To evaluate the compatibility of PC with CF-SPPS,
four a-peptides were synthesized, all yielding high crude purities and demonstrating
excellent synthetic efficiency. The robustness of the method was further validated through
the successful synthesis of structurally complex sequences, including four B-peptide
foldamers and an o/B-peptide chimera.
A key goal of this study was to scale up the methodology. Column geometries were
carefully calculated to determine the appropriate resin loading and flow rates required to
maintain optimal residence times. The scale-up was implemented in a stepwise manner,
ultimately enabling peptide synthesis on a scale exceeding 4 grams with consistent
efficiency.
A notable feature of this approach is the minimal use of PC, which significantly enhances
the environmental profile of the process. The combination of low solvent consumption,
high yield, and scalability aligns with the principles of green chemistry, offering a

sustainable alternative for large-scale peptide production.
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This advancement positions CF-SPPS using PC as a promising platform for greener
peptide synthesis, with potential applications in pharmaceutical development and

industrial-scale manufacturing.
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6. Conclusions

The synthesized modified B-peptides fulfilled the intended concept and a well-defined
structure was created, which is able to adopt a helical conformation in a self-assembling
manner. The solubility of the -amino acid peptide can be increased by the addition of
betaines quaternary charge.

The structural modification of established B-peptide helices was achieved through N-
terminal conjugation with betaine. This study investigated the three-dimensional self-
organization of oligomers composed of [1S5,25]-2-aminocyclopentanecarboxylic acid
(ACPC), [1R,2R]-2-aminocyclohexanecarboxylic acid (ACHC), and an alternating
heterochiral homooligomer of [1S,2S]-ACPC and [IR,2R]-ACPC. Comprehensive
structural analyses using NMR spectroscopy, electronic circular dichroism (ECD), FT-IR
spectroscopy, and molecular modeling revealed that betaine conjugation did not alter the
H12 helical conformation of the [15,25]-ACPC pentamer (compound 1). In contrast, the
[1R,2R]-ACHC tetramer (compound 2) exhibited a significant conformational shift,
adopting an H14 helix rather than the expected H10 structure.

Notably, this work presents the first evidence of self-association for a B-peptide adopting
an H12 helical fold, with transmission electron microscopy (TEM) confirming vesicle
formation. For the alternating heterochiral pentamer (compound 3), composed of [1S,25]-
ACPC and [1R,2R]-ACPC, betaine conjugation enhanced aqueous solubility and
supported the formation of the anticipated extended strand (E-strand) conformation. TEM
imaging revealed a fibrin-like network, indicative of strand-based self-assembly.

These findings demonstrate that betaine conjugation not only modulates solubility and
secondary structure but also promotes higher-order assembly in aqueous environments.
The introduction of quaternary ammonium groups offers new opportunities for the design
of bioactive PB-peptide foldamers with potential applications in receptor—ligand
interactions and materials science.

In addition, the optimisation of a highly efficient, environmentally sustainable, and
scalable continuous-flow solid-phase peptide synthesis (CF-SPPS) technology for the
synthesis of various peptides and foldamers using propylene carbonate (PC) as the
solvent. The primary objective was to replace dimethylformamide (DMF) with PC, an
eco-friendly alternative recommended by the GSK solvent selection guide. To assess its

compatibility with CF-SPPS, 4 distinct a-peptides were synthesized, yielding high purity
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products. The efficacy of this method was further demonstrated through the successful
synthesis of complex sequences, including four B-peptide foldamers and an o/B-peptide
chimera.

An additional focus was the scalability of this approach. Geometric calculations were
performed to determine the required resin quantity and optimal flow rate for achieving
the desired residence time in larger columns. The scale-up process was conducted
incrementally, demonstrating the capability of CF-SPPS to efficiently produce peptides
at quantities exceeding 4 gramms. A notable advantage of this system is its use of PC as
the solvent, which not only enhances sustainability but also minimizes solvent
consumption. These attributes render the developed technology a promising advancement
in peptide synthesis, with significant potential for broader applications in drug

development and the pharmaceutical industry.
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7. Summary

My PhD research encompassed multiple areas. Firstly, artificial self-assembling peptides
were synthesized via solid-phase peptide synthesis, followed by N-terminal betaine
conjugation to enhance their solubility. Structural characterization was performed using
various techniques, including NMR, ECD, FT-IR, and TEM. These analyses confirmed
that, in certain cases, structures capable of adopting helical conformations through self-
organization were successfully formed. In other instances, betaine conjugation not only
improved aqueous solubility but also promoted higher-order self-assembly in water,
leading to the formation of complex supramolecular architectures. The introduction of
quaternary ammonium groups offers new opportunities for the design of bioactive [3-
peptide foldamers with potential applications in receptor-ligand interactions and
materials science.

Secondly, the optimization of automated peptide synthesis was focused on using a
continuous-flow system. During the experimental work, the optimal reaction conditions
such as optimal temperature, pressure, and flow rate were identified, while also
minimizing the required amounts of reagents and solvents. The next task was aimed to
scale up the continuous-flow solid-phase peptide synthesis (CF-SPPS) process by
utilizing high-performance liquid chromatography (HPLC) columns with increased
loading capacities. To adjust the synthesis process for larger columns, internal volumes
were calculated, subtracting the resin-occupied space from the total column volume to
determine the solvent-filled dead volume. Dividing this dead volume by the residence
time provided the required flow rate for each column configuration. The synthesis scale
was then estimated by multiplying the mass of the packed resin by the loading capacity
of TentaGel R RAM resin (0.2 mmol g'). These methodological refinements contribute
to the advancement of scalable and efficient peptide synthesis techniques. One of the
major challenges was to render the synthesis process environmentally friendly; this was
achieved through the use of PC as a solvent. This green solvent effectively replaced DMF

without compromising peptide yield and purity.
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Upscaled Synthesis of a- and p-Peptides in a
Continuous-Flow Reactor Using Propylene Carbonate

as an Eco-Friendly Solvent

Nikolett Varro, Beata Mandityné Huszka, Eszter Erdei, Andras Mandoki,

and Istvan M. Mandity*

A rapid, eco-friendly, and scalable continuous-flow solid-phase
peptide synthesis (CF-SPPS) technology has been developed
using propylene carbonate (PC) as a solvent. PC, a greener alter-
native to DMF, is selected based on the GSK solvent selection
guide. To evaluate its compatibility with CF-SPPS, four a-peptides
were synthesized, achieving high yields and purity. The method
is further validated with challenging sequences, including four
B-peptide foldamers and an a/B-peptide chimera. To scale up this
innovative approach, larger column geometries are optimized to
ensure the appropriate resin load and flow rate for desired resi-
dence times. The technology demonstrated its capability to

1. Introduction

Flow reactions have garnered significant attention in recent years
due to their numerous advantages over traditional batch
processes."™ As a dynamic and innovative approach, flow chem-
istry addresses many limitations of conventional synthesis meth-
ods, making it a highly attractive option for both academic
research and industrial applications.”'*

Flow chemistry offers enhanced control over reaction condi-
tions, allowing accurate temperature and pressure regulation,
which leads to improved reaction rates and yields.'*"'® The con-
tinuous nature of flow reactions minimizes the handling of haz-
ardous materials, significantly reducing safety risks.'*'7-22
Furthermore, the scalability of flow processes from laboratory
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synthesize peptides on a >4 g scale with satisfactory efficiency.
A key feature is the use of PC in minimal amounts, significantly
enhancing the process’s green credentials. The low solvent con-
sumption and high efficiency align with green chemistry princi-
ples, reducing waste and improving sustainability. The low
process mass intensity of the method highlights its environmen-
tal benefits, making it a sustainable alternative for large-scale
peptide synthesis. This breakthrough showcases the potential
of CF-SPPS with PC as a solvent to meet the demands of greener
and more efficient peptide production.

to industrial production facilitates seamless transitions and con-
sistent product quality.'823-2%

The synthesis of peptides, crucial in the production of
pharmaceuticals™2® and in biochemistry,*®*® has traditionally
relied on hazardous solvents and inefficient batch processes.>’="
Recently, flow chemistry has emerged as a sustainable alternative
in the field of solid-phase peptide synthesis (SPPS), too.1%36424%
Flow-based SPPS allows rapid peptide synthesis with high purity,
significantly reducing the time required for synthesis and cutting
down the amount of reagents and solvents needed.®**>” Process
mass intensity (PMI)®® is a crucial metric in peptide synthesis® as
it quantifies the efficiency and environmental impact of the pro-
cess by measuring the total mass of materials used relative to the
final product mass. A low PMlindicates a greener, more sustainable
synthesis, aligning with modern principles of green chemistry and
minimizing waste generation in large-scale peptide production.
The advancement of continuous-flow solid-phase peptide synthe-
sis (CF-SPPS) is pivotal in the context of green chemistry, as it aligns
with the principles of reducing the usage of hazardous chemicals
and increasing process efficiency.”

The integration of green technologies®” and solvents into
chemical synthesis processes is of considerable current inter-
est.®2%3 Propylene carbonate (PC) is considered to be a green
solvent®**9 due to its environmentally friendly properties and
its sustainable production process. It is synthesized through
the reaction of propylene oxide with carbon dioxide, which helps
mitigate greenhouse gas emissions by utilizing CO,.*”® This
reaction not only reduces atmospheric CO, but results in a sol-
vent with low toxicity as well, making the process safer for both
human health and the environment.®” Additionally, its low vol-
atility minimizes harmful volatile organic compound emissions.

© 2025 The Author(s). Chemistry - Methods published by Chemistry Europe and Wiley-VCH GmbH
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Despite these advantages, PC has not yet been widely
adopted in flow chemical synthesis. Herein we aim 1) to integrate
PC to CF-SPPS and 2) to develop an upscaled CF process for the
gram-scale synthesis of peptides.

2. Results and Discussion

A continuous-flow (CF) reactor was used in this study (Figure 1),
consisting of an high performance liquid chromatography (HPLC)
Reo autosampler, an HPLC column thermostat with a stainless-
steel column, a semi-preparative HPLC pump, a back-pressure
regulator, and a line selection valve system. This setup permitted
the recirculation of the reagent mixture on the resin bed. The
HPLC autosampler allowed reproducible and precise mixing
and injection of the reagents needed for peptide synthesis.
The HPLC pump offered the pulse-free delivery of the liquids.
The resin on which the peptide chain was grown was filled into
a stainless steel column, and then, the latter was heated by an
HPLC thermostat to the desired temperature. To maintain a con-
stant pressure for the system, a back-pressure regulator was
applied, thereby keeping the pressure constant.

A major aim was to replace the hazardous DMF solvent with a
greener alternative. Our choice was the use of a PC. A compre-
hensive screening and fine-tuning of reaction parameters were
carried out using compound 1 as a test sequence, and the purity
of the crude product was assessed throughout the optimization.
First, we investigated the temperature dependence of the cou-
pling reaction. As shown in Table S3 Supporting Information,
the highest coupling efficiency was achieved at 70°C. Next,
we examined the pressure dependence at this temperature. At
60 bar, the crude purity reached 96% (Table S4, Supporting
Information), and further increases in pressure did not improve
the outcome. The effect of amino acid equivalents was also eval-
uated. As shown in Table S5, Supporting Information, reducing
the amount of amino acid led to unacceptably low crude purities.
To accelerate the synthesis, the flow rate was fine tuned. Results
in Table S6, Supporting Information, indicate that a high crude
purity could still be maintained at a flow rate of 0.3 mL min".
Finally, to reduce solvent consumption in the CF system, the con-
centration of the coupling mixture was optimized. As shown in
Table S7, Supporting Information, excellent crude purity was
retained at 100 mm concentration, corresponding to 0.1 mmol
amino acid dissolved in 1 mL of PC. The established conditions

— -~

/ \
Auto- Valve | Pressure
sampler regulator
Column termostat ‘

Waste

Figure 1. Schematic illustration of the CF apparatus used. PC was used
during the synthesis. This system consists of an HPLC pump, an autosam-
pler, a column thermostat, a flow-line selection valve system, and a pres-
sure regulator.
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were consistently applied in all synthetic operations. Namely,
the thermostat was set to 70 °C, the back-pressure regulator to
60 bars, and the residence time was kept at 5 min with a flow rate
of 0.3 mL min~". The stainless-steel column with a length of 25 cm
was filled with 300 mg of Tenta Gel R RAM resin. Importantly, only
1.5 equiv. of amino acids was used with 1.5 equiv. active ester
forming ethyl cyanoglyoxylate-2-oxime (OxymaPure) as a cou-
pling agent in the presence of 1.5 equiv. N,N-diisopropylcarbodii-
mide (DIC). The mixing of the reagents was carried out by the
autosampler. For the deprotection, 2% piperidine and 2% 1,8-
diazabicyclo[5.4.0lundec-7-ene (DBU) were used in PC. Between
the two steps, a washing period was applied for 5 min with PC.

To test the setup described above, first, a simple a-peptide (1)
was synthesized. After the completion of the coupling of the pep-
tide chain, the resin was removed from the column, and an offline
cleavage was performed under regular conditions. The raw pep-
tide, after lyophilization, was analyzed by HPLC-MS technique. As
shown in Table 1, impressive results were gained for compound
1, with an isolated yield of 96% and a raw purity of >98%. On the
basis of this promising finding, the CF setup was tested on three
additional a-peptide sequences (2, 3, and 4) with considerable
biomedical potential. Compounds 2 and 4 are antimicrobial pep-
tides (DHVAR-4 and PGLA, respectively), while 3, called penetra-
tin, is a cell-membrane penetrating peptide.”® The optimized
CF-SPPS technique confirmed our aims for a fast and effective
synthesis. In all cases, high yields and excellent raw purities were
obtained (Table 1, entries 2-4), which supports the effectiveness
of the CF reaction setup with PC as solvent.

Since coupling efficiencies were acceptable for longer pep-
tide chains containing 21 amino acids, too, the optimized
technology was tested on more difficult sequences such as
B-peptides.”'”3 The coupling of B-amino acids requires special
coupling reagents such as 1-[bis(dimethylamino)methylene]-
1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate
(HATU) along with N,N-diisopropylethylamine (DIPEA) as base.
However, once HATU and DIPEA were mixed in PC, some minor
precipitation occurred, blocking the tubing of the reactor. Thus,
to avoid precipitation, the previously used reagents, OxymaPure
in combination with DIC, were used. Because of the difficulty of
coupling B-amino acids, the reagents were recirculated on the
column by switching the valve system into recycling mode.
The recycling time was set to 30min for both couplings
and deprotections. The latter step was applied to avoid the
potentially incomplete removal of Fmoc,”* known for B-peptide
oligomers.”>~"7 With this procedure, recycling the reagent on the
resin bed, B-peptides 5-8 and a/B-peptide 9 were successfully

Table 1. Results of the synthesized a-peptides using PC as solvent at a

0.07 mmol scale.

Entry Compound  Sequence of the peptide with  Raw purity Yield
one-letter code [%] [%]

1 1 ALFEK-NH, >98 96

2 2 KRLFKKLLFSLRKY-NH, >96 94

3 3 RQIKIWFQNRRMKWKK-NH, >97 93

4 4 GMASKAGAIAGKIAKVALKAL-NH, >95 91
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Scheme 1. Structures of the synthesized B-peptide foldamers using PC as
solvent at a 0.07 mmol scale.

Table 2. Results of the synthesized B-peptide foldamers using PC as solvent
at a 0.07 mmol scale.

Entry Compound Raw purity [%] Yield [%]
1 5 >96 89

2 6 >97 87

3 7 >98 86

4 8 >98 91

5 9 >98 93

synthesized (Scheme 1, Table 2). After the completion of the cou-
pling of the amino acids, the peptides were cleaved offline, and
the raw materials were analyzed after lyophilization.
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The results indicated that excellent raw purities and good to
excellent yields were achieved for compounds 5-9 as well.
Representative HPLC-MS chromatograms are shown in
Figure 2, which strongly support the high purity of the raw mate-
rials obtained after ethereal precipitation.

The direct comparison of the time required for the peptide-
chain coupling under classic SPPS conditions and under CF-SPPS
conditions carried out in PC shows a drastic difference (Table 3).
The scale and reagent concentrations were identical in both
cases. For manual SPPS, coupling and deprotection times were
based on literature data.”® The synthesis in CF is considerably
faster in PC than those reachable for classic SPPS conditions.

A considerable advantage of the developed method, besides
the use of PC as solvent, is the amount of the solvent utilized;
namely, it is minimal compared to regular technologies (Table 4).

The results support the view that the CF-SPPS technology uti-
lizes solvent in about two orders of magnitude lower quantity
than those for classic SPPS methodologies.

To exactly estimate the effectiveness of the developed tech-
nology, PMI values were calculated for the classic SPPS and for
the CF-SPPS conditions. Importantly, the PMI value reflects not
only the solvent used, but also the amount of building blocks
and amino acids incorporated too. The results are summarized
in Table 5.

For all the investigated compounds, the PMI value under clas-
sical SPPS conditions exceeds 10000. In contrast, under opti-
mized CF-SPPS conditions, the PMI value ranges between 434
and 693. These significantly lower values not only represent a
substantial improvement over classical SPPS but also approach
the efficiency levels observed in the synthesis of small organic
drug molecules. This improvement underscores the potential
for peptides to be utilized as viable drug candidates in the near
future.

A further aim was to upscale the CF-SPPS synthesis by the use
of HPLC columns with larger filling capacity. Based on our previ-
ous results™*®*3! and the geometries of the larger columns, calcu-
lations were carried out (Table 5) to determine the required
amount of resin to completely and evenly fill the column and
the necessary flow rate to maintain the 5 min residence time,
parameters crucial for successful CF peptide synthesis. For the
scale-up study, two columns of different diameters were used,
both with a length of 250 mm. Specifically, the column diameter
was 10 mm (Table 5, entry 2) or 20 mm (Table 5, entry 3), allowing
for significantly larger synthesis scales of 0.375mmol and
1.5 mmol, respectively. According to published results for the 4
mm-wide column with a length of 250 mm, 300 mg of resin
was suitable. With a flow rate of 0.3 mL min~’, the residence time
was kept at 5min. For the larger columns, first, their volumes
were calculated. Knowing the mass and volume of the resin to
be filled in, subtracting the volume of the resin from the volume
of the column, the dead volume of the resin bed, filled with the
solvent under synthetic runs, could be calculated. If this volume is
divided by the 5 min residence time, the flow rate to be used can
be determined. The scale of the synthesis was calculated from the
mass of the filled resin, which was multiplied by the 0.2 mmol g™
loading of the TentaGel RRAM resin. The results are summarized
in Table S8, Supporting Information.

© 2025 The Author(s). Chemistry - Methods published by Chemistry Europe and Wiley-VCH GmbH
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Figure 2. HPLC-MS chromatograms of the raw material of a-peptides a) 1 and b) 3, as well as ) B-peptide 6, synthesized in CF-SPPS using PC as solvent
at a 0.07 mmol scale.

Table 3. Comparison of the time needed for the complete peptide chain Table 5. Comparison of PMI values for classic SPPS and under the CF-SPPS
assembly under the classic SPPS and the CF-SPPS conditions using PC as conditions carried out in PC as solvent at a 0.07 mmol scale.
solvent at a 0.07 mmol scale.
Compound  PMI value PMI value for PMI value  PMI value for
Compound Classic SPPS [min]® CF-SPPS [min]® for classic  classic SPPS per  for CF-  CF-SPPS per AA
SPPS AA residue SPPS residue
1 ~820 ~124
2 ~2260 ~334 1 58027 11605 658 132
3 ~2580 ~381 2 39370 2812 434 31
4 ~3380 ~498 3 51062 3191 564 35
5 ~1120 ~357 4 63 326 3016 693 33
6 and 7 ~2560 ~427 5 57 895 11579 659 132
8 ~2340 ~357 6 and 7 66 279 11046 757 126
9 ~1100 ~240 8 56 768 9461 658 110
9 60 302 10050 681 113

@Coupling time: 120 min, deprotection: 20 min, washing 20 min. ®Coupling
time for 1-4 and for 5-9: 6.7 min and 30 min respectively, deprotection time
for 1-4 and for 5-9: 6.7 and 30 min respectively, washing 10 min

Table 6. Results of the synthesis of CF-SPPS carried out with a column with a
diameter and length of 10 and 250 mm at a scale of 0.375 mmol.

Table 4. Comparison of the solvent used for the complete peptide chain

assembly under the classic SPPS and under the CF-SPPS conditions, Compound  Isolated amount ~ Raw  Yield ~ Solvent Time  PMI
carried out in PC as solvent at a 0.07 mmol scale. of peptide [mg]  purity used needed
[mL] [min]
Compound Solvent used for peptide chain synthesis
[mL] 2 794 >9%6% 84 ~626.8 ~334 434
Classic SPPS CF-SPPS 3 993 >97% 87 ~714.6 ~381 564
0 ~ ~.
1 ~1680 ~185 4 782 >95% 86 ~933.9 ~498 693
2 ~4650 ~50.1
3 ~5310 ~57.2
4 ~6960 ~747 Table 7. Results of CF-SPPS synthesis carried out with a column possessing
a diameter and length of 20 and 250 mm at a scale of 1.5 mmol.
5 ~1680 ~18.6
Compound Isolated amount Raw Yield Solvent Time PMI
6 and 7 ~2010 ~22.1 of peptide [mg]  purity used needed
8 ~1680 ~18.6 [mL] [min]
9 ~2010 ~22.1 3 4154 >97% 91 ~2858.3 ~334 564
Chemistry—Methods 2025, 5, 202500010 (4 of 7) © 2025 The Author(s). Chemistry - Methods published by Chemistry Europe and Wiley-VCH GmbH
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Figure 3. HPLC-MS chromatogram of the >4 g raw material of 3 synthesized at a scale of 1.5 mmol.

To test the validity of the calculations, three a-peptides (2, 3,
and 4) with considerable biomedical applications were synthesized
on a scale of 0.375mmol using the column with a diameter of
10mm. The results of the performed syntheses are shown in
Table 6.

In all cases, good yields were gained with high raw
purity. Importantly, peptides close to the gram scale were
isolated with a peptide chain construction time of 5-8h.
Outstandingly, the solvent used again was PC, and the required
amount of solvent is measured in milliliters rather than in liters,
that is, with a quantity one order of magnitude lower than
those for classic SPPS.

To further challenge the designed scale-up setup, the synthe-
sis of 3 (penetratin) was carried out in the column with a length
and diameter of 250 and 20 mm, respectively. The results are
summarized in Table 7 and the representative HPLC-MS chroma-
togramm is shown in Figure 3.

Notably, >4 g of penetratin peptide were isolated in less than
a synthesis time of 6 h. Again, the solvent was PC, and >4 g of
peptide was synthesized by the use of <3L PC.

For both scales of the upscaled syntheses, the PMI values
remained consistent due to the linear nature of the scale-up pro-
cess. The PMI values, ranging between 434 and 693, are compa-
rable to those observed in the synthesis of small organic drug
molecules, further underscoring their potential for utilization as
drug candidates in the pharmaceutical industry.

3. Conclusion

In summary, a rapid, green, highly efficient, and upscaled CF-SPPS
technology has been developed for the synthesis of various pep-
tides and foldamers in PC as solvent. Our first aim was to replace
DMF with a more eco-friendly solvent, like PC, which is consid-
ered the ultimate choice according to the GSK solvent selection
guide. To test the compatibility of PC with CF-SPPS, four different
a-peptides were synthesized in high yields with raw purity. The
efficiency of the CF-SPPS technology was further demonstrated
with the synthesis of difficult sequences, like four different
B-peptide foldamers and an a/B-peptide chimera, with great suc-
cess. A further goal was to upscale this new methodology. A cal-
culation was made according to the geometric parameters of
larger columns to estimate the necessary amount of the resin
to be filled and the flow rate to be used to obtain the aimed resi-
dence time. The scale-up was carried out in steps, and the tech-
nology showed efficient production of peptides even on a >4g

Chemistry—Methods 2025, 5, 202500010 (5 of 7)

scale. Noteworthy property of the system is the use of PC as a
solvent. More importantly, the amount of solvent used is remark-
ably low. Notably, for both small-scale and gram-scale peptide
syntheses, the PMI values remained consistent, ranging between
434 and 693, comparable to those observed in the synthesis of
conventional small organic molecules. These features make the
developed technology exceptionally green and efficient, poten-
tially paving the way for greater utilization of peptides in drug
development and the pharmaceutical industry.

4. Experimental Section

Peptide Synthesis

Peptide chains were synthesized on Tentagel R RAM resin using 1.5
equiv of Fmoc-protected amino acids with 1.5 equiv of DIC and
OxymaPure as coupling reagents in PC at a concentration of
100 mm. Reactions were optimized at 60 bar, 70 °C, with a 5 min resi-
dence time and automatic recirculation for 3-amino acids for 30 min.
Deprotection was carried out using 2% DBU and 2% piperidine in PC,
with 5 min PC washes between steps.

Peptide Cleavage

Peptides were cleaved from the resin using a solution of 90% TFA,
2.5% DTT, 2.5% TIPS, and 5% water. The cleavage process started
in an ice bath and proceeded to room temperature over 4 h. TFA
was evaporated with nitrogen gas, and the peptides were precipi-
tated in cold diethyl ether, filtered, dissolved in 5% acetic acid,
and lyophilized.

Analysis

Crude peptides were analyzed by RP-HPLC-MS using an Aeris PEPTIDE
XB-C18 column with a gradient of 5-80% acetonitrile (containing 0.1%
formic acid) over 7 min, followed by a 3 min re-equilibration. Peptides
1-4 were analyzed using the same gradient, extended over 25 min.
The system included an Agilent 1200 HPLC and a Bruker HCTultra
ETD Il mass spectrometer. Additionally, TH NMR measurements were
performed using a Varian Mercury Plus 400 MHz NMR spectrometer.
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Betaine-Conjugated B-Peptide Foldamers: Influence
of Quaternary Charge on Self-Organization

and MorphologyFormation

Nikolett Varro, Eszter Erdei, Déra Bogdan, Eszter Kalydi, Ruth Deme, Balazs Balogh,
Imola Cs. Szigyartd, Tamas Beke-Somfai, Zoltan Varga, Pal Szabo, and Istvan M. Mandity*

The modification of well-known p-peptide helices has been
achieved by the application of N-terminal betaine conjugation.
The 3D self-organization of oligomers formed by [1S,2S5]-2-amino-
cyclopentanecarboxylic acid (ACPC), [1R,2R]-2-aminocyclohexa-
necarboxylic acid (ACHC), and an alternating heterochiral
homooligomer of [15,2S]-ACPC and [1R,2R]-ACPC was studied.
Results of NMR, ECD, FT-IR, and molecular modeling showed that
for [15,2S]-ACPC pentamer (1), the betaine conjugation did not
affect the folding to an H12 helix. In contrast, for the [1R,2R]-
ACHC tetramer (2) betaine conjugation notably influenced the
folding, and an H14 helix was observed instead of the expected
H10 helix. In addition, this is the first observation of

1. Introduction

In the realm of scientific inquiry, there exists a fascinating array of
non-natural compounds with peptide-like characteristics, showcas-
ing an impressive spectrum of structural variability and wide-
ranging utility across diverse scientific disciplines” Notably,
fS-peptides, characterized by their composition of f-amino acids,
stand out as a particularly scrutinized subset within this landscape,
representing artificial constructs renowned for their inherent
self-organizing properties. Classified as foldamers,'” these molecu-
lar entities possess an intriguing propensity to adopt stable 3D

self-association for an H12 helix forming S-peptide. Based on
TEM images, this association leads to vesicle morphologies.
For the alternating heterochiral homooligomer [1S,2S]-ACPC
and the [1R,2R]-ACPC pentamer (3), betaine conjugation enhan-
ces the solubility of the system. Moreover, the formation of an
expected E-strand can be anticipated, since self-association
was found in the form of a fibrin net-like structure in TEM images.
Betaine conjugates described herein open a new area of bioactive
peptide foldamer construction, since the introduced quaternary
charges may lead to important receptor-ligand interactions, while
potential material science applications can also be realized.

conformations even when consisting of relatively short sequences.
Their versatility extends to the formation of various secondary
structures, encompassing helices,"*'™ strands, and intricate
hairpins,“*4<>) while also exhibiting a remarkable capacity for
the assembly of higher-order tertiary architectures such as
vesicles!''e32448 and nanofibers.“”

In terms of interdisciplinary research, foldamers have emerged
as focal points of considerable interest, captivating attention
across a myriad of industrial sectors. Their versatile applications
span various domains, ranging from biomedicine,['*'¢*® where
they exhibit promise in modulating protein—protein interactions,
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to the forefront of nanotechnology,”’¥ where their
manipulation drives advancements in material chemistry.
Furthermore, their utility extends to surface recognition!®°>1%
within artificial self-assemblies, unlocking new avenues for
exploration.

Delving deeper into their potential, foldamers unveil an intri-
cate tapestry of functionalities that transcend traditional bound-
aries. These molecular architectures present themselves as
catalysts®'"" and sensors,'? poised to revolutionize chemical
processes and analytical methodologies.

These examples emphasize the importance of the folding of
S-peptides and self-assemblies thereof to fulfill material chemical
and biomedical functions beyond those of natural oligomers. The
folding of S-peptides has been fine-tuned by various technolo-
gies, like backbone stereochemistry!@4e5@131 and side-chain
Shape'[4b—d,6g,6h,14]

In some cases, betaine, a zwitterionic molecule, has been uti-
lized to modulate properties of peptides and proteins, including
stability, solubility, and bioactivity. Incorporating betaine moieties
into peptide sequences can confer enhanced resistance to
proteolytic degradation, whereas betaine-containing peptides
exhibit enhanced aqueous solubility.™

Herein, we show that by the introduction of quaternary cat-
ionic charges to foldameric structures, fine-tuning of solubility,
folding, and self-assembly is further feasible.

2. Results and Discussion

The two archetypes of f-peptide helices, the right-handed H12
helix formed by the [15,25]-2-aminocyclopentanecarboxylic acid
(ACPC) homochiral homooligomers'® and right-handed H10
helix formed by the [1R,2R]-2-aminocyclohexanecarboxylic acid
(ACHQ) homochiral tetramer-, are well characterized 3D con-
structs. Regarding the strand like structures, the alternating het-
erochiral homooligomers of [15,2S]-ACPC and [1R,2R]-ACPC™
previously published are a good example. In this study, we
equipped the abovementioned oligomers with N-terminal beta-
ine; thus, betaine-conjugated homochiral pentamer of [15,25]-
ACPC (1),betaine-conjugated [1R,2R]-ACHC tetramer (2), and
betaine-conjugated alternating heterochiral homooligomers of
[15,2S]-ACPC and [1R,2R]-ACPC (3) were created. The structures
of the investigated betainiated compounds are shown in
Scheme 1.

The synthesis of oligomers 1-3 was carried out first under reg-
ular solid-phase peptide synthesis (SPPS) conditions. However,
due to the bulky nature of betaine possessing the quaternary pos-
itive charge, the desired products were not isolated. To overcome
this problem, continuous-flow solid-phase peptide synthesis
(CF-SPPS) was utilized."” This technique allows the use of low
amino acid excesses, while complete conversion can be gained.
It was already tested for the synthesis of f-peptides,”>*? however
not for the coupling of bulky betaine on sterically hindered
p-amino acids. Under optimized conditions, compounds 1-3
were isolated in >96% crude purity and >91% vyields.
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Scheme 1. The chemical structures of betaine-conjugated foldamers

First, the 3D organization of oligomers 1-3 were assessed by
the NH/ND exchange measured by a series of TH NMR spectra in
CD;0D in 4 mM concentration at 297 K. For oligomer 1 the time
dependence of the residual NH signal intensities point to the fact
that the corresponding atoms being considerably shielded from
the solvent, due to the H-bonding interactions (Figure 1).

Proton resonances belonging to the C-terminal amide
disappeared immediately after dissolution, while other signals
remained for a longer period of time. The exchange pattern
observed is in good accordance with the structure.®® The slowest
exchange pattern was observed for NH2 It is in the center of the
helix, which shields considerably the proton from the solvent.

H? is followed by NH' and NH?. The result of NH? is not surpris-
ing, since a proton is still in the middle of the structure. The slow
exchange of NH', in turn, is somehow unexpected. However, it
can be explained by the shielding effect of the bulky betaine part
close to NH'. A considerably faster exchange was observed for

0.6

o
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4H3 *H2
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-
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Figure 1. Time dependence of the NH/ND exchange for 4 mM solutions of
1 in CD;OD.

© 2025 The Author(s). ChemistryOpen published by Wiley-VCH GmbH

85UBD17 SUOWILLOD 3A1R1D) 3|ceat|dde auy Aq peusanoh are sapie YO ‘8sn Jo Sa|n 4oy Akeld 1T aulUQ A8|IAA UO (SUOTIPUOD-PUE-SULIBY W' A3 | 1M Alelq 1Bl |uo//:Ssdny) SUOIPUOD pue sWd | 8U) 88S *[9202/T0/2T] uo ARiqi]autiuQ ABjIM Did BIyory uospas) Ag 0ve005202 Uedo/z00T 0T/I0p/wod’ A 1m Arelq 1 puljuo-adone-Als iweyd//:sdny woly papeojumoq ‘2T ‘§20z ‘€9ETT6TS


http://doi.org/10.1002/open.202500340

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemistryOpen doi.org/10.1002/0pen.202500340

NH*, while NH*> disappeared immediately after dissolution. This
exchange pattern predicts the formation of an H12 helix, none-
theless, it is influenced by the self-association of the helices and
by the bulky nature of the N-terminal betaine moiety.

For 2, considerably slower exchange was observed. Namely,
within 2 weeks, only 5-10% exchange was detected, and com-
plete exchange was not reached even within 2 months. This
result does not support the formation of an H10 helix; rather,
it suggests the presence of an H14 fold and indicates potential
self-aggregation.”®®

Considering 3, the protic amide protons disappeared
immediately after dissolution, suggesting the formation of an
extended, strand-like conformation.”®

To gain high-resolution structural data, various NMR measure-
ments, including COSY, TOCSY, and ROESY, in 4mM CD;OD,
DMSO-d, and water (90% H,0 + 10% D,0) solutions were carried
out at 297K. Full signal assignment for backbone protons was car-
ried out for 1 and 2, and long-range NOEs specific for helical
p-peptide secondary structures were detected. The long-range
NOEs are shown in Figure 2

For 1, long-range NOEs were found typical for H12 helices®
in 4mM concentration in CDs;OD, DMSO-ds;, and water
(90% H,0+10% D,0) such as Hy(4)-Hg(1), Hu(5)-Hx(2), and
H.(5)-H(2). These NOE crosspeaks are unambiguous signs for
the formation of H12 helix. Importantly, the structure tends to
be stable in methanol, water, and even in chaotropic DMSO
too at 4 mM concentration. The results suggest that the previ-
ously known H12 helix made by the homochiral pentamer of
[15,25]-ACPC is maintained, that is, betaine conjugation does
not influence the helix-forming property of H12.

For 2, a different set of long-range NOEs was observed in a
4mM concentration in CD;OD, DMSO-d,, and water (90%
H,O + 10% D,0): Hy(1)-Hg4); H.(1)-Hg4), and CH,(betaine) -
Hg(3). These long-range interactions were found in 4 mM concen-
tration for the solvents as follows: CD;OD, DMSO-d,s, and water
(90% H,0 + 10% D,0). This NOE crosspeak pattern is typical to
the H14 helix.***9 These results suggest that in this case the beta-
ine influences the prevailing secondary structure. Namely, the H14
helix is formed rather than the H10 helix published previously.

However, for 3, the signal dispersion was considerably low;
thus, the backbone signal assignment could not be carried

Figure 2. Long-range NOE interactions for 1 a) in DMSO-d6, and for 2
b) found in DMSO-d6, CD30OH or water (90% H20 + 10% D20).

ChemistryOpen 2025, 14, 202500340 (3 of 8)

out, and it ruled out to look for long-range NOEs to detect a pre-
vailing secondary structure. The low signal dispersion is a consid-
erable sign for strand-like secondary structure formation. 24
Importantly, due to the introduction of the charged quaternary
ammonium ion group of the betaine moiety, compound 3 was
soluble in CDs;0D, DMSO-d,, and water (90% H,O + 10% D.,0)
in a 4 mM concentration too. This opened the way for the utili-
zation of further structure characterization techniques.

To further support the structure characterization data,
electronic circular dichroism (ECD) measurements were carried
out in methanol and water at a concentration of T mM at room
temperature (Figure 3).

The ECD curve of 1 shows a minor positive band at around
226 nm, while a considerable negative band can be observed at
200 nm in methanol solution. These data are typical for a right-
handed helical structure. Considering the NMR data, the most
probable secondary is the H12 helix.*? In aqueous solution,
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Figure 3. ECD curves of T mM solutions of 1 (solid), 2 (dashed) and 3

(dotted) in methanol a) and in water b). Intensities were normalized for the
number of chromophores.
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the same low-intensity positive band is maintained at 223 nm.
However, the intensity of the negative band considerably
increased at 201 nm compared to those of methanol solutions.
These data suggest that the same helical is maintained in water
too. Surprisingly, the stability of the helix increased. This fact
points to a potential solvent driven self-association.

For compound 2, there is positive band at 225 nm and a neg-
ative band of higher intensity at 202 nm in methanol. These slight
bathochromic shift suggest the presence of a more compact
helical fold; thus, the ECD curve indicates the formation of a
compact helical conformation. Taking into account the NMR data,
the H14 helix formation is most considered in methanol solu-
tion.®¥ In water solution, the positive band of compound 2
appears at 224 nm, and the negative band moves to 200 nm.
In this case, however, the intensity is considerably lower than
those in the methanol solution. This pattern further supports
the formation of the same helical structure than those for meth-
anol solution, while it can be stated that the solvent influences
the shape of the CD curve. The origin of these minor changes in
the CD curve might indicate the potential self-association of the
formed helices.

The ECD curve measured for 3 shows a completely different
pattern. Importantly, the curve is not crossing the x axis, which is a
considerable sign for strand-like structure formation."*” The curve
measured in methanol exhibits positive bands at 212 nm and at
204 nm. A similar pattern can be observed in water, while the
intensity of the bands in both solutions tends to be the same.
Thus, it can be concluded that the solvent does not have any
drastic influence on the prevailing self-organization of the
strand-like structure. The introduction of the quaternary charge,
by the conjugation of betaine to S-peptide, contributed to water
and methanol soluble compound, where ECD curves could be
gained from both solvents.

These conformational alterations were also detected by FT-IR
spectroscopy. The amide | band is originating mainly from car-
bonyl stretching vibrations of the peptide backbone.

The most intense band of the deconvoluted amide | of 1
(Figure 4a) is~1641 cm™" which could be assigned to strong
intramolecular hydrogen bonds.®** This fact supports the helical
self-association of the peptide. The two shoulders ~ 1685 cm ™"
and 1667 cm™' can be related to weaker hydrogen bonds, like
the C-terminal amide bond. According to our knowledge, no
FT-IR spectrum is available for the H12 helix; however, the gained
results underline the formation of a stable helical conformation.

In case of 2, the deconvoluted amide band show character-
istics vibrations of C=0 groups ~1646, 1674, and 1690 cm™'
involved or not in H-bonding, respectively. This finding supports
the results gained by NMR measurements that the conjugation of
the betaine unit shifts the folding of peptide to an H14 helix,
instead of the expected H10 helices.

In contrast, for 3, the spectral pattern shows somewhat a
different behavior. The sharper band ~1643 cm~" with the pres-
ence of a shoulder ~1690 cm™" can also be assigned to stronger
and weaker hydrogen bonds involved in peptide folding. The
shoulder ~1611 cm™' suggests the presence of intermolecular

ChemistryOpen 2025, 14, 202500340 (4 of 8)
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Figure 4. FT-IR spectra in the amide | region of 1 a), 2 b), and 3 c). Spectra
were recorded for dry film samples from 1 mM peptide solution and normal-
ized by the area. The solid and dash lines denote the measured and the fitted
curves, respectively, whereas thin curves correspond to individual band com-
ponents (using second derivative IR spectra and Fourier self deconvolution).
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hydrogen bonds between S-sheets!® supporting the formation
of strand-like structure.

The extremely prolonged NH/ND exchange observed for 2 and
the FT-IR results obtained for 3 indicate the potential self-
association of the betaine-conjugated f-peptides. Consequently,
transmission electron microscopy (TEM) was used to analyze the
self-association phenomena in water solution at 4 mM concentra-
tion. The images were recorded after dissolution and sonication
(Figure 5).

Surprisingly, for helix-forming oligomers 1 and 2, vesicle forma-
tion was observed even in water as solvent*24<4d695h |mportantly,
this is the first observation of an H12 helix-forming S-peptide to
show self-association in the form of vesicles. The size of the vesicles
is in the range of 130-200 nm as shown in Figure 5a.

Importantly, compound 1, which adopts an H12 helical con-
formation, was found to self-associate into vesicles with diame-
ters ranging from 130 to 180 nm (Figure 5a). To the best of our
knowledge, this represents the first observation of vesicle forma-
tion from H12 helical structures. In the case of compound 2,
vesicles with an average diameter similar than those of for 1 were
observed (Figure 5b). Notably, there was no need for a time-
consuming incubation period, since vesicles were detected
immediately after dissolution and sonication. This observation
further supports the view that by the introduction of quaternary
positive charges the vertical amphiphilicity of f-peptides can be
increased, resulting in higher tendency for self-association man-
ifesting in vesicle formation. These results suggest that by betaine

conjugation not only the secondary structure, but the
formation of tertiary structural element formation can be
fine-tuned. Importantly, the self-association was found in water,
which is a considerably more biorelevant solvent.

The TEM images recorded for 3 showed a significantly differ-
ent pattern (Figure 5c). Vesicle formation was not observed,
rather, nanosized fibrils were found. This result is in accordance
with literature data. For example, peptides forming strand-like
secondary structure have strong propensity for nanosized fibril
formation.“®*¢! Note, however, that this is the first observation
for the formation of a fS-peptide fibril formation in aqueous
medium. Moreover, the observed fibrils form a concatenated
fibrinous net-like structure.

To further support the previously gained experimental results,
theoretical calculations were carried out. Quantum mechanical
DFT (density functional theory) calculations, namely geometry
optimizations, were carried out at the B3LYP/6-311G** level of
theory with the Jaguar software package.® The calculations sug-
gest the formation of an H12 helix for 1 and an H14 helix for 2. For
3, the calculation supported the formation of an antiparallel
p-sheet formation by the self-association of E-strands. The
optimized geometries are shown in Figure 6.

It can be concluded that betaine conjugation significantly influ-
enced the folding, self-assembly, and solubility of a set of -peptide
foldamers. The oligomers were synthetized on solid support by the
use of a prominently economic continuous-flow technology, which
allowed the use of only 1.5-fold of excess of amino acids.

1=} - <

Figure 5. TEM images of vesicles observed after dissolution and sonication of 4 mM solutions of 1 a), 2 b), and 3 ¢) in water.
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Figure 6. Optimized ab initio geometry of 1 a), 2 b), and 3 ¢) at the B3LYP/6-311G** level of theory.

In the case of the [15,25]-ACPC pentamer (1), betaine conju-
gation did not influence the folding of an H12 helix. However, the
self-association of this oligomer was considerably facilitated. In
water as solution, vesicles in the range of 130—180 nm were
observed in TEM images.

For the [1R,2R]-ACHC tetramer (2), betaine conjugation signif-
icantly influenced the folding. Note, however, that formation of
the H14 helix was observed instead of the expected H10 helix.
Betaine conjugation considerably increased the self-association
property, and immediately after dissolution and sonication,
vesicles with a diameter of ca. 200 nm were observed in TEM
images.

For the alternating heterochiral [15,25]-ACPC and [1R,2R]-ACPC
pentamer (3), betaine conjugation increases the solubility of the
system. The prevailing secondary structure is the expected
E-strand, which is capable of self-association in the form of amyloid
like fibrils. However, betaine conjugation modified slightly
this behavior, and a concatenated, fibrin net-like structure was
observed.

For the investigated betaine-conjugated oligomers, self-
association was found in aqueous medium. This fact opens the
window for biomedical and material chemical utilization of
S-peptide foldamers containing alicyclic side-chain.

ChemistryOpen 2025, 14, 202500340 (6 of 8)

3. Experimental Section

Peptide Synthesis

Peptide chains were extended on a Tentagel R RAM resin
(0.20 mmol g~"). For CF experiments, a modular CF apparatus was
assembled, consisting of a cylindrical PEEK column (with internal
dimensions of 250 x 4 mm) filled with the resin-loaded amino acid
(350 mg), a semipreparative pump (JASCO PU-4086), an HPLC auto-
sampler (JASCO AS-4150), a column oven (JASCO CO-4060), two line-
selecting valve units (JASCO HV-4380), and a backpressure regulator.
A coupling mixture, consisting of 1.5 equivalents of Fmoc-protected
f-amino acid and 1.5 equivalents of OxymaPure as coupling reagent
dissolved in DMF and 1.5 equivalents of DIC, was mixed by the auto-
sampler. The coupling mixture has been prepared immediately
before the coupling reaction. Coupling reactions were carried out
at the optimized reaction conditions, 85 bar pressure, 65 °C temper-
ature, and 0.2 mLmin~' flow rate. For Fmoc deprotection, the solu-
tion of 2mL of 2% DBU 2% piperidine in DMF has been used.
Between two chemical steps DMF was used for washing for 5 min.

NMR Experiments

NMR measurements for signal assigment were carried out on a Bruker
Avance llIl 500 MHz spectrometer equipped with a cryo probe head.
Peptide samples (4 mM) were prepared in H,O/D,0 90:10 v/v,
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DMSO-dy, or CD;0H and transferred into 5mm NMR sample tubes.
For the ROESY spinlock, a mixing time of 300 ms was used; the num-
ber of scans was 16, and roesyesgpph or roesyph.2 (DMSO-d,) pulse
sequence was applied. The TOCSY measurement was performed with
the mlevesgpph or mlevph (DMSO-ds) sequence, with a mixing
time of 150 ms; the number of scans was 16. For all 2D spectra,
4k time domain points and 512 increments were applied. T2 relaxa-
tion experiments were carried out by cpmg_esgp2d or cpmg
(DMSO-dy) pulse sequence; the relaxation delays were incremented
in the following order: 1, 2, 4, 8, 16, 32, 64, 128, 256,512, and 1024 ms.

The NH/ND exchange was recorded on a Varian Mercury 400 spec-
trometer equipped with ATB PFG probe head. The samples were pre-
pared in 4 mM concentration in CD;0D and transferred into standard
5mm NMR sample tubes. The recording was started 10 min after
complete solubilization. The 'H spectra were recorded using 64 scans
with 45° pulse and 5s relaxation delay.

CD Measurements

CD spectra were measured on a Jasco J-1500 spectropolarimeter at
25°C in a 0.1 cm path length regtangular quartz cuvette (Hellma,
Plainview, NY) in a continuous scanning mode between 190 and
250nm at a rate of 50nmmin~', with a data pitch of 0.5nm, a
response time of 4s, a 1 nm bandwidth, and 3 times accumulation
for each sample. The baseline spectrum recorded with the solvent
was subtracted from the raw data. The concentration of the sample
solutions in ultrapure water and PBS was 1 mM. Molar circular dichro-
ism is given in mol~'ecm™".

ATR-FTIR Measurement

A Varian 2000 FTIR Scimitar spectrometer (Varian Inc., Palo Alto, CA)
was used for FTIR spectroscopic measurements. The spectrometer is
fitted with a liquid nitrogen-cooled mercury-cadmium-telluride (MCT)
detector with a ‘Golden Gate’ single reflection diamond ATR acces-
sory (Specac Ltd., Orpington, U.K.). On the diamond ATR surface, 3 L
of the sample was mounted, and the spectrum was accumulated
(2 cm™" resolution and 64 scans) for the dry film after gradual evapo-
ration of the buffered solvent under ambient conditions. ATR correc-
tion for every data acquisition, buffer subtraction, and baseline
corrections were performed. The GRAMS/32 software package
(Galactic Inc.) was used for all spectral manipulations.

TEM Measurement

The peptides were dissolved in water to a concentration of 1 mM, and
the solution was sonicated for 5 min. Drops of 5 pL of solutions were
placed onto Formvar-coated 200-mesh copper grids (Ted Pella Inc,
USA) and dried in the air at 25°C for 10 min. Specimens were studied
with a MORGAGNI 268D transmission electron microscope (FEl,
Eindhoven, The Netherlands) operated at 80kV and equipped
with a Quemesa 11-megapixel bottom-mounted CCD camera
(Emsis GmbH, Germany).

Model Building and Theoretical Calculations

The structures were drawn with Schrédinger’'s Maestro 2D Sketcher,
the hydrogen atoms were added, and the structures were quickly
optimized into 3D geometry. A conformational search for each
compound was completed with the MacroModel package ‘Energy
minimization’ option using the OPLS4 force field with ‘no solvent’

ChemistryOpen 2025, 14, 202500340 (7 of 8)

option with the default settings. In the case of dimer 3, in order
to maintain the interaction between the two chains, ‘frozen’ atom
constraints were applied on the corresponding hydrogen and oxygen
atoms participating in the H-bonds. The output structures of the
minimization of each compound were used as initial geometries
for further calculations.

The Jaguar geometry optimization calculations were completed in
two steps. First, the Restricted Hartree-Fock (RHF) method was
applied with 3-21G basis set in a vacuum. Second, the density
functional theory (DFT) method (B3LYP-D3 functional) was applied
with 6-311G** basis set in vacuum. In the case of dimer 3, implicit
water was necessary in order to maintain chain-like conformation,
and the polarizable continuum model (PCM) solvation model was
applied.

The software packages as follows were used: Maestro (v13.8): Release
2023-4, Schrodinger, LLC, New York, NY, 2023; MacroModel (v14.2):
Release 2023-4, Schrodinger, LLC, New York, NY, 2023; and Jaguar
(v12.2): Release 2023-4, Schrédinger, LLC, New York, NY, 2023.
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