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Abstract

The Survival of Motoneuron (SMN) protein is well known to cause Spinal Muscular Atrophy
(SMA) if not present in sufficient concetration inside the cell. To investigate the influence of
phosphorylations on serine resiudes on protein stability, this master’s thesis aims to produce
four different variants of the C-terminal section of the protein with different phosphorylation

patterns.

To address the limitations of solid-phase peptide synthesis (SPPS) regarding peptide size, a
ligation strategy was developed that segments the target sequence into smaller, more
manageable peptides. These peptides were designed not only for optimal size but also to
maintain similar solubility, facilitating efficient reactions during native chemical ligation (NCL).
The project aims to refine both the SPPS and ligation protocols by adjusting various

parameters and analyzing the results.

The target region was divided into three segments, each synthesized via SPPS and
subsequently linked using NCL. The design of these fragments was influenced by the presence
of a native cysteine in the sequence. The synthesis of these peptides posed significant
challenges due to a high proline content. Proline complicates synthesis due to steric hindrance
and the formation of a secondary amine, resulting in reduced reactivity. This challenge
intensifies when consecutive prolines are present, increasing the risk of undesired insertions
and producing truncated peptides that cannot proceed to further synthesis, as well as peptides

with amino acid deletions.

The goal after finishing the synthesis of the different protein fragments was, to send them to a
cooperation partner, which would then perform assays to assess information about protein

stability and protien oligomerization processes.



Zusammenfassung

Das Survival of Motoneuron (SMN)-Protein ist bekannt daflr, Spinale Muskelatrophie (SMA)
zu verursachen, wenn es nicht in ausreichender Konzentration in der Zelle vorhanden ist. Um
den Einfluss von Phosphorylierungen an Serinresten auf die Stabilitdt des Proteins zu
untersuchen, zielt diese Masterarbeit darauf ab, vier verschiedene Varianten des C-terminalen

Abschnitts des Proteins mit unterschiedlichen Phosphorylierungsmustern herzustellen.

Um die GroRenbeschrankungen der Festphasenpeptidsynthese (SPPS) zu Uberwinden,
wurde eine Ligationsstrategie entwickelt, die die Sequenz in kleinere, handhabbare Peptide
unterteilt. Diese Peptide wurden nicht nur in Bezug auf ihre GréRRe, sondern auch hinsichtlich
ihrer Loslichkeit entworfen, um eine effiziente Reaktion wahrend der nativen chemischen
Ligation (NCL) zu ermdglichen. Das Projekt strebt auch die Optimierung der SPPS- und

Ligationsprotokolle durch Variationen der Parameter und den Vergleich der Ergebnisse an.

Der untersuchte Bereich wurde in drei Segmente unterteilt, die jeweils mittels SPPS hergestelit
und anschlieRend durch NCL verknUpft wurden. Das Vorhandensein eines nativen Cysteins
innerhalb der Sequenz beeinflusste das Design dieser Fragmente. Die Herstellung dieser
Peptide ist besonders aufgrund des hohen Prolin-Gehalts in der Sequenz herausfordernd.
Prolin stellt bei der Synthese eine Schwierigkeit dar, da neben dem sterischen
Hinderungseffekt die Seitenkette an das Stickstoffatom der Aminogruppe gebunden ist und
somit ein sekundares Amin bildet, wodurch Prolin im Vergleich zu anderen Aminosauren
weniger reaktiv ist. Dieses Problem wird verscharft, wenn Proline aufeinander folgen, was zu
zusatzlichen Prolinen flhren kann. Weitere haufige Nebenprodukte in prolinreichen
Sequenzen sind verklrzte Peptide, die nach bestimmten Aminosauren keine weiteren

Kopplungsschritte durchlaufen, sowie Peptide mit fehlenden Aminosauren.

Das Ziel nach der Synthese der verschiedenen Proteinfragmentvarianten war es, diese zu
einem Kooperationspartner zu senden. Dieser wirde damit Assays durchfihren um

Information Uber die Stabilitdt des Proteins und Oligomerizationsprozesse zu gewinnen.
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1 Introduction

Spinal Muscular Atrophy

Spinal Muscular Atrophy (SMA) is an autosomal recessive disorder characterized by the
degeneration of alpha motor neurons in the anterior horn of the spinal cord, leading to a
decrease of muscle tissue in affected individuals. [1] This condition exhibits a diverse spectrum
with three main phenotypes, which were formally classified based on variations in severity and
age of onset, a consensus document on the diagnosis of children with SMA was initially
developed by Wang et al. in 2007 [2] and later updated by Mercuri et al. [1] Ove the course of
time a form of SMA with adult onset became recognized as type IV while the newly discovered
prenatal onset of the disease would be referred to as type 0. [1] In 1995, a pivotal discovery
identified the Survival of Motoneuron (SMN) protein as the gene product responsible for SMA,
which leads to the disease when not present in sufficient concentrations. [3] It was discovered
that SMA patients show either homozygous deletion or subtle mutations of the encoding gene,
termed SMN1. As humans possess a paralogous gene, known as SMN2, which is almost
identical to SMN1 with the exception of five amino acids, it has been revealed that the amount

of SMN2 gene product is inversely correlated to disease severity. [4]

1.1 Survival of Motoneuron Protein

The SMN protein itself comprises 294 amino acid residues with a mass of approximately 38
kDa. [4] In the context of a living cell, the protein localizes to both, the cytoplasm and the
nucleus. In the nucleus it is known to accumulate in nuclear structures known as Cajal bodies
and Gems (Gemini of Cajal bodies). [5] On the genetic level, the SMN1 gene consists out of
nine exons, which are referred to as 1, 2a, 2b, 3, 4, 5, 6, 7 and 8. When moving from the N-
terminus into the direction of the C-terminus, one encounters several functional motifs: a
basic/lysine-rich domain, a Tudor domain [6], polyproline motifs [7] and a YG box. [8] Although
it is sequence is almost identical to the SMN71 gene, SMN2 is affected by a nucleotide
substitution which triggers a splicing alteration. As a result of this substitution exon 7 is skipped
in the majority of cases. [9] The skip of exon 7 happens with such a high frequency that
approximately 80% of all SMN2 transcripts are present in this truncated form. [10]
Consequently, the proteins produced by these transcripts are also truncated versions of the
SMN protein. Notably, this truncated form exhibits reduced stability when compared to the full-

length protein, rendering it susceptible to rapid degradation. [10]

1.2 Pre-mRNA splicing and small nuclear RNAs

To understand why absence of full length SMN protein causes SMA, one has to understand
the process of mMRNA splicing where it is involved as part of a multiprotein complex. [11] As
proteins in eukaryotic organisms are encoded by exons which are interspaced by introns, a

system is needed to cut out the introns and recombine the exons. This system is implemented
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through a process known as pre-mRNA splicing which occurs either co- or post-
transcriptionally. [12] To obtain the mature mRNA, the pre-mRNA must be assembled into a
multi-component complex known as spliceosome, afterwards a two-step transesterification
reaction takes place. [13] The spliceosome itself consists of five small nuclear RNAs (snRNAs;
U1, U2, U4, U5, and UB), these snRNA are present in the form of small nuclear
ribonucleoprotein particles (SnRNPs, RNA-protein complexes) and a large number of splicing
protein factors. [14] The assembly of the spliceosome together with the splicing process itself

can be seen in Figure 1, the scheme was taken from a publication from Morais et al. [15]
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Figure 1: Spliceosome assembly [15]

During the splicing process the snRNAs on the snRNPs form hydrogen bonds with the introns
which makes further interactions possible. [15] Structure wise each snRNP consists of one
uridine-rich snRNA, a heptameric ring of Sm proteins (B/B', D1, D2, D3, E, F, and G), and a

specific set of accessory proteins, as mentioned previously. (Faravelli et al. 2023)

1.3 The SMN Complex and snRNP formation

When we look at the formation of snRNPs, the SMN complex appears to be one of the major
factors in the assembly process. When present in its functional form, the SMN protein is the
core component of this multiprotein complex that processes the small nuclear RNAs, which, in
turn, are needed for the splicing of pre-mRNA. [11] Other than just the SMN protein, which
oligomerizes with itself, the SMN complex consists of eight other proteins, named Gemin2-8
and Unrip. [16] Although the general structure of the complex still has not been fully
understood, it has become clear that the complex shows a modular composition. Hereby the
proteins SMN, Gemin8 and Gemin7 are at the center of the construct and act as a binding

platform for other proteins. [16] Both Gemin2 and Gemin3 as well as Gemin8 are able to bind



to SMN. Gemin8 is responsible for mediating interactions with Gemin4 and Gemin7 which in
turn is able to recruit Unrip and Gemin6. [16] This leads overall to a stable structure to which
Gemin5 is proposed to bind through weak interactions, mediated mainly through Gemin2. [16]
The hypothesized interaction map of the complex can be seen in Figure 2. [16] During the
process of snRNP formation the purpose of the SMN complex is to establish the assembly of
the Sm ring onto the snRNA. [17] Originally the snRNAs are transcribed by the RNA
polymerase Il in the nucleus where the nascent oligomer is cleaved by the Integrator complex
downstream of the 3’ end. The resulting oligomer is referred to as 3’ end extended pre-snRNA.
[18] As the pre-snRNA is not able to leave the nucleus on its own, the help of shuttling proteins
is needed for the export to the cytoplasm where the pre-snRNAs can then interact with the
SMN complex. [19] Previous to the transfer of the Sm ring onto the snRNa, a complex of the
Sm proteins themselves must be formed. This happens over the course of a multi-step
process. The resulting structure is subsequently loaded onto the SMN complex. To make the
transfer complete, the SMN complex needs to identify the snRNA. It is believed that Gemin5
is needed for this purpose as it is able to bind to some of the snRNAs features like the Sm site.
[20] For the assembly of the Sm core itself, SMN,Gemin 2, Gemin3 and Gemin4 have been
proven to be essential. [21] Being responsible for their stability, the Sm ring is a present in all
U snRNPs and can be classified as common structural element for these kinds of snRNPs.
[22] Following the ring formation, the 5’ 7-methyl-guanosine cap of the snRNA gets methylated
to 2,2,7-trimethyl-guanosine and the 3’ end gets trimmed. [23] The snRNPs gets exported back
into the nucleus after maturation process in the cytosol has been completed, afterwards they
can locate to Cajal bodies. [24] Inside the Cajal bodies the snRNP undergoes further

maturation. [23]

Figure 2: Proposed interaction map of the SMN complex [16]



1.4 Localization of SMN to Cajal bodies

Cajal bodies (CBs) are subnuclear structures which are named after the Spanish
neurobiologist Santiago Ramén y Cajal. It has been shown that CBs are found most of the time
associated with the nucleus where play an important role in RNA metabolism and formation of
snRNPs. [25] CBs are dynamic structures, the total number of particles present inside a living
cell varies based on the cell type and stage of development. [26] Considering the formation of
these bodies, the coilin protein has been found to be a crucial factor. [27] Coilin has also been
found to recruit the SMN complex and snRNPs. [28] Through the localization of the SMN
protein to these structures, its involvement in RNA splicing has been postulated from early on.
[29] Research has shown that during neuronal differentiation CBs in undifferentiated calls are
mostly devoid of the SMN protein while over the course of differentiation the protein gets
progressively recruited to the CBs. It can also be observed that during the development
process, the production of SMN gets upregulated. [30] Besides CBs other particles named
Gems can be found in the nucleus which contain the SMN protein but not coilin. In a similar

manner differentiated cells of the nervous system show an increased amount of Gems. [30]

1.5 Approved therapies for SMA

Up to the date three therapies have been approved by the FDA for treatment of SMA, which
differ in their mode of action. Namely these therapies are the antisense oligonucleotide
nusinersen (Spinraza; Biogen), the gene therapy onasemnogene abeparvovec-xioi
(Zolgensma; Novartis) and the small molecule risdiplam (Evrysdi; Roche). [31] In the antisense
approach of nusinersen, a splicing regulatory element named intronic splicing silencer N1 (ISS-
N1), located at intron 7 is targeted. [32] Through the short complementary sequence of
synthetic nucleotides the splicing silencer gets deleted. [33] As a consequence the splicing
pattern of SMN2 gets modified which in turn improves the phenotype. Risdiplam pursues a
similar tactic as this small molecule acts as a splicing modulator. By binding to both, an exon
enhancer sequence and the 5' splicing site of exon 7, at the pre-mRNA of SMN2, a
ribonculeoprotein (RNP) complex gets stabilized. As a result exon 7 inclusion and full-length
SMN protein production gets promoted. [34] In contrast Onasemnogene abeparvovec-xioi
directly acts on the DNA level and replaces the monogenic defect by replacing the defect SMN1
gene. [31] The gene is delivered in this therapy through the adeno-associated viral vector
serotype 9 (AAV9), which can cross the blood-brain barrier (BBB) and efficiently transduce
target cells in the CNS. [31]

1.6 Post-translational modifications (PTMs)

In eukaryotic organisms most proteins can undergo so called post-translational modification
(PTMs) after they have been produced at the ribosomes. A variety of different modifications
exist bust most common PTMs consists of small functional groups and complex biomolecules

which are conjugated to amino acid side chains or termini by enzymes. [35] Among these
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groups fall the most well-known PTMs: phosphorylation, acetylation, glycosylation, methylation
and ubiquitylation. [36] Other PTMs include backbone splicing and cyclization. The main
purpose of this reversible modifications is to modulate the activity of the protein and its

interaction with other proteins. The location of the protein can also be affected by PTMs. [36]

1.6.1  Phosphorylation

The process of protein phosphorylation describes the addition of phosphate groups (PO4) onto
the polar side chains of amino acids, in most cases serine, threonine or tyrosine. The
modification influences the structure of the protein which further can affect its properties,
ranging from localization to stability and interaction with binding partners. Because of the wide
range of cellular processes which are influenced by protein phosphorylations and
dephosphorylations, multiple diseases can be traced back to abnormal phosphorylation
patterns on proteins. [37] The transferred phosphate group comes from ATP, which is the co-
substrate. [38] In total numbers phosphorylation is most common on serine, followed by
threonine and tyrosine, at a relative frequency of 11.2:2.5:1 [39] The PO transfer reaction is
catalyzed by enzymes called protein kinases, which encompass one of the biggest gene
families in eukaryotes with more than 500 known protein kinases. [37] The substrate is
identified by kinases through mechanisms like subcellular localization, substrate docking
interactions, and binding to scaffold proteins. An important aspect in these processes is the
consensus sequence which is recognized by the kinase [40] The dephosphorylation reaction
can take place in the form of a hydrolyzation of the phosphate group, mediated by phosphatase

enzymes. [41]

1.6.2 Post-translational modifications on the SMN protein

In the case of the SMN protein, phosphorylations have been identified to be crucial considering
localization, stability and protein function. [42] Based on the sequence of the protein, 50 amino
acids which can undergo phosphorylation are present. Out of these 50 residues 26 have been
verified by mass spectrometry to carry phosphorylations. [42] Just in the N-terminal Gemin2-
binding domain, which is a conserved structure, five residues, namely S28, S31, T37, Y43 and
S49, have been verified to be able to undergo phosphorylation. These phosphorylations have
been localized at the N-terminal Gemin2-binding domain, the tudor domain as well as other
regions around the N-terminus and the center of the protein. [42] Due to its limited accessibility
to digestive enzymes, the C-terminus has been studied to a lesser extent regarding
phosphorylations.. [43] Two of the most recently discovered amino acids to undergo
phosphorylation are S290 and S292. [42] In terms of localization it has been shown in HelLa
cells that cytoplasmic SMN is hyper-phosphorylated while nuclear SMN is hypo-
phosphorylated. [42] For the complex formation it has been found that serine residues S28 and
S31 are phosphorylated for the assembly. Within the SMN complex, the SMN protein forms an

oligomeric core with the Tudor domain mediating the self-oligomerization. Additionally, the YG
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box and the C-terminus also play a role in the SMN self-oligomerization process. [42] Ascheme
of the protein with its respective domains, published by Otter et all [16], can be seen in Figure
3

Through a series of experiments, it had been shown that a phosphorylation at the SMN N-
terminus has no impact on self-oligomerization whereas C-terminal phosphorylation in close
proximity to YG box affects the self-oligomerization capability. This was done by comparing
mutants S28A and S31A, unable to undergo phosphorylation with the corresponding phospho-
mimetics S28D and S31D. All of which oligomerized with endogenous SMN. [42] The C-
terminal phospho-mimetic on the other hand S290D showed impaired oligomerization while
the non-phospho mutant S290A as well as wildtype SMN did undergo oligomerization. [42]
When comparing full length SMN with the SMNA7 produced by SMN2, it is clear that the
missing exon results in lower stability. It has become clear that self-oligomerization as
described above, and protein interactions, like the ones in the SMN complex, affect the stability
of the protein but it is also hypothesized that phosphorylations regulate the stability. [42]
Experiments with NSC34 cells revealed that the SMN phospho-mimetic S290D is less stable
than its unphosphorylated counterpart. [42]

@epem @ © @  omm :
H—| | |Ila| I | i | v | v | u OH

Lysine-rich region (71-83)

YG Box (257-286)
Confirmed Phosphorylations:

Figure 3: Scheme of the domains of the SMN protein with reported PTMs [42]

1.7 Semisynthesis as a tool for investigating PTMs

As the previous paragraph showed, PTMs can have dramatic effects on protein stability,
oligomerization and functionality. As it is of great interest for researchers to study how certain
modifications affect a protein of interest, various methods have been established to investigate
them. The most basic tool from a chemical perspective is solid-phase peptide synthesis
(SPPS), a technique which allows the site-specific incorporation of PTMs on top of scalability
and automatable processes, the major drawback of SPPS is the inherent size limitations of
peptides that can be produced due to a coupling efficiency which is less than 100 %. In order
to circumvent this issue, a protein or an extended peptide can be segmented into several

shorter peptide fragments. Through a process known as ligation, these fragments can
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subsequently be coupled to each other. Different types of ligation reactions exist but over time,
native chemical ligation (NCL) has emerged as the most dependable method for this purpose.
[44] The reason for the success of NCL is due to the chemoselectivity, the reactions conditions,
which involve solely unprotected peptides under aqueous conditions and the reliability and
robustness of the reaction. In the default form, the C-terminus of the N-terminal fragment has
to be converted to a thioester while the C-terminal fragments must possess a cysteine residue
on the N-terminal position. [45] Fueled by its nucleophilic nature, the thiol moiety of the cysteine
initiates an attack on the carbonyl carbon on the thioester, kicking of the original thiol group
and forming a new intermolecular thioester intermediate. Subsequently a fast S->N acyl shift
occurs in which the final product is formed. [45] A scheme of the reaction can be seen in Figure
4. [45]
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Figure 4: NCL reaction scheme [45]

The reaction is usually carried out at a neutral pH in aqueous buffer, which contains a
chaotropic agent like guanidine. [45] From a kinetics perspective, the type of thioester greatly
affects the ligation speed. In contrast to alkyl thioesters which react rather slow, aryl thioesters
are more reactive and therefore can be used to decrease the reaction time as well as to allow
kinetic control of the ligation reaction. [45] To improve the limited amount of suitable ligation
sites, desulfurization reactions have been developed to convert the cysteine to an alanine
which is more abundant in natural peptides. [45] Based on the desulfurization chemistry,
thiolated amino acid building blocks, which can be used as an alternative to cysteine and then
be converted to their native form, have been developed. [45] It has further been discovered
that sulfur-based functionalities can be replaced with selenium, which is even more
nucleophilic and as a consequence reacts even faster [45]. Through the study of protein
splicing, an autocatalytic process, tools have been obtained for the expression of proteins with
C-terminal a-thioesters. [45] This subsequently made the ligation of synthetized peptides with
expressed fragments possible, a concept which is known as expressed protein ligation (EPL).
[49]

1.7.1  Synthesis of peptide hydrazides
In order to be able to convert the C-terminus of a peptide into a thioester, chemical

modifications have to be introduced at this C-terminal position during synthesis in order to
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generate functional intermediates. The treatment of the SPPS resin with hydrazine prior to the
synthesis allows the production of peptide hydrazides (PHs). To further convert a PHs to the
corresponding thioester, the hydrazide is oxidized into acyl azide which then undergoes an in
situ thiolysis to form the thioester. The conversion reaction can be performed with unprotected
peptides in guanidinium buffer in a two step reaction. A scheme of the reaction, as published
by Huang et al. can be seen in Figure 5. [46] Peptide hydrazides get commonly denoted by
appending the term NHNH: to the peptide name.

o} O

o)
H Peptide N NHy ~ _Oxidation =, Peptide N, —molysis Peptide SR

Figure 5: Processing of PH intermediates to the corresponding thioester [46]

2 Aims of the project

We aim to develop a SPPS approach for synthesizing four different variants of a specific
segment within the C-terminal region of the SMN protein. These variants differ based on
phosphorylations at serine residues, which are introduced during the synthesis. The serine
residues under investigation are S290 and S292, chosen due to previous research that
identified a connection between these phosphorylations and SMN oligomerization. [42] The
target region is highlighted in red in the following amino acid sequence of the SMN protein, as
encoded by the SMN1 gene.

MAMSSGGSGGGVPEQEDSVLFRRGTGQSDDSDIWDDTALIKAYDKAVASFKHALKNGDICETSGKPKTTPKRKPAKKNKS
QKKNTAASLQQWKVGDKCSAIWSEDGCIYPATIASIDFKRETCVVVYTGYGNREEQNLSDLLSPICEVANNIEQNAQENE
NESQVSTDESENSRSPGNKSDNIKPKSAPWNSFLPPPPPMPGPRLGPGKPGLKFNGPPPPPPPPPPHLLSCWLPPFPSGP
PIIPPPPPICPDSLDDADALGSMLISWYMSGYHTGYYMGFRQNQKEGRCSHSLN

The target sequence begins at P201 and extends to the terminal residue N294, resulting in a
protein fragment that is 94 amino acids long and has a molecular weight of 10,106.67 Da in its
unphosphorylated form. The plan was to synthesize four variants: SMN 201-294 wild type
(WT), SMN 201-294 pS290, SMN 201-294 pS292, and SMN 201-294 pS290 pS292, in
sufficient quantities. These variants were intended for cellular assays to investigate how
terminal phosphorylation affects the peptides' oligomerization capabilities together with the

other proteins of the SMN complex.

3 Materials

3.1 Water
Water deionization was carried out utilizing a Professional G7895 Aqua Purificator

manufactured by Miele GmbH (Salzburg, Austria). Further purification was achieved employing
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a Milli-Q Reference A+ water purification system manufactured by Merck GmbH (Vienna,

Austria).

3.2 Chemicals

During this master’s thesis, the solvents used—acetonitrile (ACN), N,N-Dimethylformamide
(DMF), and dichloromethane (DCM)—were obtained in either high-performance liquid
chromatography (HPLC) grade or peptide synthesis grade from VWR International LLC
(Vienna, Austria), Sigma-Aldrich by Merck GmbH (Vienna, Austria), and Carl Roth (Karlsruhe,
Germany). For peptide synthesis, three types of resin were utilized: a 2-Chlorotrityl chloride
resin from Iris Biotech GmbH with a loading of 1.60 mmol/g, a ProTide CI-TCP(CI) resin with a
loading of 0.42 mmol/g, and a preloaded Asn(Trt) TentaGel R PHB resin from Rapp Polymere
GmbH with a loading of 0.19 mmol/g. The 9-fluorenylmethoxycarbonyl (Fmoc) protecting group
strategy was employed, using N,N’-Diisopropylcarbodiimide (DIC), ethyl 2-cyano-2-
(hydroxyimino) acetate (Oxyma), and N,N-Diisopropylethylamine (DIPEA) for activation in the
automated synthesis, while O-(7-Azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HATU) was used for activation in the manual synthesis. For preparative
HPLC, two different mobile phases were used: Solvent A, consisting of 0.10% TFA in water,
and Solvent B, composed of 0.08% TFA in ACN.

4 Methods

4.1 Synthesis strategy

To address the size limitations of solid-phase peptide synthesis (SPPS), a ligation approach
was developed, dividing the SMN protein sequence into smaller, more manageable peptide
fragments. These fragments were designed not only to be the appropriate size but also to have
similar solubility, allowing for efficient native chemical ligation (NCL). The target region was
split into three segments, each synthesized using SPPS and then joined via NCL. The

presence of a native cysteine in the sequence influenced the design of these fragments.

The first segment, SMN 201-230, spans from P201 to S230, while the second segment, SMN
231-249, is a 19-residue peptide covering C231 to 1249. Both were synthesized as peptide
hydrazides to enable NCL. For the third segment, SMN 250-294, four different variants were
produced, each reflecting a distinct phosphorylation pattern. SMN 250-294 WT corresponds to
the wild-type sequence without phosphorylation. SMN 250-294 pS290 contains a
phosphoserine at position 290, SMN 250-294 pS292 has a phosphoserine at position 292, and
SMN 250-294 pS290 pS292 features phosphorylations at both positions 290 and 292.

In the following sequence of the target compound, SMN 201-230 is highlighted in blue, SMN
231-249 in red, and SMN 250-294 in green.
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H-PGPRLGPGKPGLKFNGPPPPPPPPPPHLLSCWLPPFPSGPPIIPPPPPICPDSLDDADALGSMLISWYMSGYH
TGYYMGFRQNQKEGRCSHSL -OH

After production via SPPS, the peptide hydrazides were converted to the corresponidng

thioesters and coupled via NCL, the ligation scheme is depicted in Figure 6.

o HS o HS o
NH
(e} o

l 1. Thioester Conversion 2. Native Chemical Ligation 3. One Pot Reaction

(0]
Na*
H—SMN 201-230 o~-S05 Na /\
Y

o
\

Y

H—{ SMN 201-294 |—OH

Figure 6: Scheme of the ligation strategy

4.2 Conversions of ProTide CI-TCP(CI) resin to the corresponding hydrazide resin

The ProTide CI-TCP(CI) resin had a relatively low initial loading of 0.42 mmol/g. To further
reduce the loading, a 1:1 mixture of Fmoc- and Boc-protected amino acids was used. The
conversion of this resin was performed three times. For the SMN 231-249-NHNH; fragment,
the conversion was done twice, resulting in loadings of 0.22 mmol/g and 0.21 mmol/g. With
103 mg and 230 mg of resin, respectively, this led to total synthesis scales of 0.02 mmol and
0.05 mmol.

For the SMN 201-230-NHNH: fragment, the conversion was carried out only once. A 249 mg
portion of resin was treated, achieving a loading of 0.32 mmol/g, which resulted in a synthesis

scale of 0.08 mmol.

4.3 Conversion of 2-Chlorotrityl chloride resin to the corresponding hydrazide resin

The initial loading of the 2-Chlorotrityl chloride resin was 1.60 mmol/g. To reduce the loading
to a level similar to that of the CI-TCP(CI) resin, a mixture of three equivalents of Boc-protected
amino acid and one equivalent of Fmoc-protected amino acid was used. For the SMN 231-
249-NHNH; fragment, the conversion was performed twice. First, 115 mg of resin was

converted to hydrazide resin with a loading of 0.29 mmol/g, resulting in a synthesis scale of
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0.03 mmol. In the second conversion, 400 mg of resin was treated, achieving a loading of 0.17

mmol/g, corresponding to a scale of 0.07 mmol.

For the SMN 201-230-NHNH- fragment, the conversion using the 2-Chlorotrityl chloride resin
was done once. The loading of 312 mg of resin was reduced to 0.32 mmol/g, resulting in a

synthesis scale of 0.10 mmol.

4.3.1 Hydrazide conversion

The SMN201-230 and SMN231-249 fragments were synthesized as peptide hydrazides,
requiring a conversion step to prepare the resin. An appropriate amount of 2-Chlorotrityl
chloride resin or CI-TCP(CI) resin was weighed out and subjected to three washes with DMF,
followed by three washes with DCM, and another three washes with DMF, using approximately
5 ml of solvent for each wash. The resin was then swelled for 30 minutes in a 1:1 mixture of
DMF/DCM. After swelling, the solvent was drained, and 5 ml of a solution containing 10%
hydrazine monohydrate in DMF was added. The conversion reaction was carried out for 30
minutes at room temperature, after which the resin was washed with DMF. The resin was then
incubated for an additional 30 minutes with another 5 ml of the 10% hydrazine solution. After
this second incubation, the resin was again washed three times with DMF, three times with

DCM, and three more times with DMF, using 5 ml of solvent for each wash.

Following the completion of the resin preparation, the first amino acid in the peptide sequence,
protected with Fmoc and Boc groups, was coupled to the resin. Detailed information regarding
the specific amino acids and their coupling is provided in the relevant sections. After the
coupling reaction, the resin was washed with DCM and left to dry overnight in a desiccator.
Due to the reduced loading capacity caused by the conversion process, a determination of the

resin's loading was performed the following day.

cl O ® HN-NH; *H,0  H,N-NH O ®

Figure 7: Scheme depicting the hydrazine conversion reaction for the 2-Chlorotrityl chloride resin

4.3.2 Loading determination

An amount of 10 mg of the dried resin was transferred into a 10 ml volumetric flask, which was
then filled with 20% piperidine in DMF. The resin was thoroughly suspended and incubated for
30 minutes at room temperature. After incubation, 100 ul of the supernatant was taken and

further diluted with 20% piperidine in DMF in a cuvette. The absorbance of the sample was
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measured at 301 nm using a Bormac ONDA UV-30 photometer, with a blank of 20% piperidine

in DMF. The loading of the resin was determined using the following equation.

mmol Axd
[ ]: *V * 103

Loading p —

Equation 1: Loading determination formula

In Equation 1, A represents the UV absorbance at 301 nm. € denotes the extinction coefficient
of the dibenzofulvene adduct formed during the reaction, with a value of 7731.9 mol™ L cm™.
m is the mass of the resin used, measured in milligrams (mg), while d is the dilution factor,
which in this case is 10. | refers to the path length of the cuvette in centimeters (cm), and V is

the volume of the 20% piperidine solution used for deprotection, measured in milliliters (ml).

4.4 Synthesis of SMN 201-230-NHNH>

The production of SMN 201-230-NHNH: involved a combination of manual and automated
synthesis. The first 17 amino acids, up to phenylalanine, were coupled manually due to the
high content of proline and other bulky amino acids in the initial portion of the sequence. Double
couplings were performed for each manually coupled amino acid. It was observed that
extending the coupling time for proline beyond 30 minutes did not improve the final product.
Additionally, the volume of DMF used during washing significantly impacted purity, with a
minimum of 40 ml of DMF required for each washing step to achieve optimal results. After the
manual coupling, the resin was transferred to the automated synthesizer to complete the

remaining sequence.
Peptide Sequence: H-PGPRLGPGKPGLKFNGPPPPPPPPPPHLLS-NHNH>

4.5 Synthesis of SMN 231-249-NHNH,

The decision was made to manually synthesize the entire SMN 231-249-NHNH, fragment due
to its relatively short length of 19 residues and the challenging sequence at the beginning. The
synthesis followed the default procedure, with double couplings performed throughout. To
ensure purity, a minimum of 40 ml of DMF was used for each washing step. After confirming
that the ligation strategy was effective in both directions, it was decided to leave the terminal

cysteine unprotected.
Peptide Sequence: H-CWLPPFPSGPPIIPPPPPI-NHNH-

4.6 Synthesis of SMN 250-294 and its variations

The wild-type (WT) version of the final fragment was synthesized entirely on the automated
synthesizer. For the variants with phosphorylations, a hybrid approach was used, similar to the
one applied for SMN 201-230-NHNH_. In this case, only the first six amino acids were coupled

manually due to the sensitivity of the serine phosphate group, which is prone to elimination
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under microwave irradiation on the synthesizer. Since no hydrazide conversion was required,
the 0.19 mmol/g preloaded Asn(Trt) TentaGel resin was utilized. The synthesis scale was set
to 0.10 mmol for each peptide variant, with only single couplings performed during the manual

coupling of the first six amino acids.
Peptide Sequence: H-CPDSLDDADALGSMLISWYMSGYHTGYYMGFRQNQKEGRCSHSLN-OH

4.6.1 Manual peptide synthesis
Peptides containing proline-rich sequences were synthesized using manual Fmoc SPPS. Each
synthesis was carried out in a polypropylene syringe equipped with a polyethylene filter. The

resin was allowed to swell in DMF for at least two hours before starting the synthesis.

Deprotection of the Fmoc protecting group was performed using a solution of 20% piperidine
in DMF. The deprotection was executed in two steps: an initial treatment for seven minutes
followed by a second treatment for three minutes. After deprotection, the resin was washed
five times with DMF.

For the coupling step, four equivalents of the amino acid were dissolved in 3.8 equivalents of
0.5 M HATU in DMF. After dissolving the amino acids for three minutes, 8 equivalents of DIPEA
were added to the solution. This mixture was incubated for an additional minute before being
added to the resin. A coupling time of 30 minutes was employed. For amino acids that followed
bulky building blocks, a second coupling step with the same amino acid was carried out without

deprotection or additional washing.

Following the coupling step, the resin was washed five times with DMF. After the final amino
acid was coupled, a final deprotection step was performed, and the resin was washed with

DCM in preparation for drying under vacuum.

4.6.2 Automated peptide synthesis

In addition to manual synthesis, some sequences or portions of peptide sequences in this
study were produced using an automated synthesizer. The Liberty Prime Microwave Peptide
Synthesizer (CEM GmbH, Kamp-Lintfort, Germany) was employed for this purpose. The resin
was first swollen in DMF for 2 hours at room temperature before being loaded onto the

synthesizer.

Fmoc protecting group removal was achieved with a 20% piperidine in DMF solution, similar

to the manual synthesis. This deprotection step was conducted at 90°C for 40 seconds.

For coupling, amino acids were dissolved in DMF to a concentration of 0.5 M and activated
using a mixture of 2 M DIC, 0.25 M Oxyma, and 0.1 M DIPEA, all prepared in DMF. The ratio

of amino acid to DIC to Oxyma relative to the scale was maintained at 5:12:5. Amino acid
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coupling was carried out for 80 seconds at 105°C. Following each coupling, the resin was
washed with DMF.

4.6.3 Peptide Cleavage

The completed peptide sequences were cleaved from the resin using a cleavage cocktail. For
most peptides, the cocktail comprised 95% TFA, 2.5% TIS, and 2.5% H,O. However, for the
SMN 250-294 fragment, which contains methionine, a modified cocktail was used to prevent
oxidation: 85% TFA, 5% TIS, 2.5% H,0, 2.5% EDT, and 5% DMS.

Before cleavage, the resin needed to be completely dry. For each 100 mg of resin, 1 ml of the
cleavage cocktail was used. The cleavage reaction was carried out for a minimum of two hours.
Due to the presence of arginine in the SMN 250-294 fragment and the use of the 2,2,4,6,7-
pentamethyldihydrobenzofuran-5-sulfonyl (Pbf) protecting group on its side chain, the reaction

time was extended to a minimum of three hours.

After cleavage, the peptide was precipitated by adding the solution to a tube containing 10 mli
of ice-cold ether. Following centrifugation, the ether was removed, and the precipitate was
dried in air. The peptide was then re-dissolved in water; if necessary, ACN was added to aid

dissolution. Finally, the solution was lyophilized to obtain the purified peptide.

4.7 Preparative RP-HPLC

Preparative reversed-phase (RP)-HPLC purification was conducted using a Waters system
equipped with a Waters 2545 binary gradient module, a Waters 2489 UV/visible detector, and
a Waters Fraction Collector Ill. Depending on the quantity of material to be purified, either a
Kromasil 300-10-C4 Prep Column (21.2 x 250 mm) or a Waters 300-10 C4 Semiprep Column
(10 x 250 mm) was used as the stationary phase. Solvent A and Solvent B, as previously

described, served as the mobile phases.

The crude materials were dissolved in 9 mL of 6 M Guanidine HCI (GuaHCI) and filtered
through a 0.2 ym PES syringe filter before being introduced into the HPLC system. Product
elution was achieved using various linear gradients, tailored to the solubility of the product,
which was determined in advance using analytical RP-HPLC. Collected fractions were

analyzed by direct injection into an ESI-MS system.

4.8 Analytical RP-HPLC

Analytical reversed-phase (RP)-HPLC was carried out using a Dionex Ultimate 3000 HPLC
system, paired with a DAD 300 detector. The analysis was performed on a Waters XBridge®
Protein BEH C4 column (4.6 x 150 mm) as the stationary phase. Solvents A and B, as

described for preparative HPLC, were utilized for the mobile phases.

analysis. Once the reaction was complete, it was quenched by adding 6 M guanidine solution.

20



4.9 Conversion of SMN 201-230 NHNH2 to the thioester

The conversion of SMN 201-230 was initially attempted using the more reactive MPAA (4-
Methylmorpholine-4-oxide). However, due to issues with hydrolysis of the thioester, MPAA was
replaced with MESNa (2-mercaptoethane sulfonate) in the second reaction step. For each
conversion reaction, between 15 mg and 20 mg of peptide hydrazide were used. The yield of

the conversion was determined to be in the range of 55% to 65%.

O (0] o

NH 15 eq. NaNO, 200 eq. MESNa SO Na*
H—{ SMN 201-230 NT 2 — > H— SMN 201-230 N3 ——— H— SMN 201-230 I ] a
H -15°C, pH 3.0 pH 6.8

Figure 8: Scheme depicting the conversion to the 201-230 MESNa thioester

4.9.1 Thioester conversion

The conversion of peptide hydrazide to the corresponding thioester was conducted at pH 3.0
in aqueous conditions. A degassed buffer system at pH 3.0, consisting of 0.2 M NaH,PO, in 6
M guanidine solution, was used. The purified peptide hydrazide was dissolved in this
phosphate buffer within an Eppendorf tube containing a stirring bar, and the reaction mixture

was cooled to -15°C using an ice bath.

Fifteen equivalents of NaNO, were added in the form of a 0.5 M solution. After 30 minutes,
100 equivalents of 2-mercaptoethane sulfonate (MESNa), also dissolved in the phosphate
buffer, were introduced into the reaction mixture. The tube was then transferred to a water bath

set at 25°C. The progress of the reaction was monitored at regular intervals using LC-MS

4.10 Ligation of SMN 201-230-TE and SMN 231-249-NHNH; to SMN 201-249-NHNH,

For the native chemical ligation (NCL) of SMN 201-249-NHNH,, between 10 mg and 20 mg of
SMN 201-230-TE were used in conjunction with 4 mg to 9 mg of SMN 231-249-NHNH,. The
ratio was set so that for each equivalent of PH, 1.5 equivalents of TE were used. To enhance
the reactivity of the MESNa thioester, 200 equivalents of 4-Mercaptophenylacetic acid (MPAA)
were added to the reaction mixture. The yield, calculated based on the amount of PH used,
ranged from a minimum of 13% to a maximum of 25%, with an average yield of approximately
20%.

HS lo)

o} NH, 200 eq. MPAA %
Nat SMN 232-249 - > SMN 201-249 _NH
H—{ SMN 201-230 -~ ~g~~803" Na HoN N oH 6.8 H N 2
o
1 eq. 1.5e€q.

Figure 9: Scheme depicting the formation of the SMN 201-249 ligation product

4.11 One pot conversion and ligation of SMN 201-249-NHNH-and SMN 250-294 to SMN 201-
294

The reaction to synthesize the final product was performed as a one-pot reaction. For the

synthesis of SMN 201-294 WT, 1.73 mg of SMN 201-249-NHNH: (1.5 equivalents) and 1.17
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mg of SMN 250-294 WT (1 equivalent) were used, along with 200 equivalents of MPAA. The
reaction was carried out overnight. To address disulfide bond formation, a few crystals of TCEP
were added to the mixture. The reaction yielded a total of 0.5 mg of final product, corresponding
to a yield of 22%.

For the synthesis of SMN 250-294 pS290, 2.6 mg of SMN 201-249-NHNH; and 1.8 mg of SMN
250-294 pS290 were used, with 200 equivalents of MPAA. This maintained the same ratio as
for the wild type. However, this reaction resulted in only a small amount of final product, which

could not be quantified.

In the synthesis of SMN 201-294 pS292, both educts were used at a 1:1 ratio, with 2.4 mg of
SMN 201-249-NHNH- and 2.6 mg of SMN 250-294 pS292. This reaction produced a mixture
of final product and peptide with a total weight of 0.4 mg.

HS

SMN 251-294 }— o

[e) 1 eq.
0}

O
NH 15 eq. NaNO, 200 eq. MPAA
H—{ SMN 201-249 N2 — > H— SMN 201-249 N > H—{ SMN 201-294 |—0oH
H -15°C, pH 3.0 3 pH 6.8

1.5eq.

Figure 10: Formation of the final product via a one-pot reaction

4.11.1 Peptide ligation

Native chemical ligation was conducted under buffered aqueous conditions. A pH 6.8 buffer
system was prepared, consisting of 0.2 M Na,HPO, in 6 M guanidine solution, and was
degassed under nitrogen. Both the peptide thioester and the peptide with the free cysteine
were dissolved and combined in an Eppendorf tube equipped with a stirring bar. Additionally,
between 100 and 200 equivalents of 4-Mercaptophenylacetic acid (MPAA) were dissolved in
the ligation buffer and added to the reaction mixture. To facilitate the dissolution of MPAA, the

pH of the ligation buffer was adjusted to approximately 6.8.

The ligation was carried out in a water bath at 25°C. The progress of the reaction was
monitored starting from time point zero and subsequently at one-hour intervals using LC-MS

analysis. Once the reaction was complete, it was quenched by adding 6 M guanidine solution.
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5 Results

5.1 Peptide hydrazide synthesis

A manual synthesis of SMN 231-249-NHNH, was completed prior to this master’s thesis.
LCMS analysis revealed that the material contained a mixture of the desired product and a
side product missing one proline residue. To assess whether these compounds could be
separated, an analytical HPLC run was conducted.
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Figure 11: SMN 231-249-NHNH: crude, produced prior to the master’s thesis

Based on the chromatogram, a gradient of 5-35 % B in 5 minutes, followed by a slow increase
to 50 % B in 30 minutes, together with a 10-minute desalting step, was chosen. Purification
was carried out on a semi-preparative scale with an input of 10 mg of the sample. Post-
purification, 6.64 mg of the main pool and 0.59 mg of a side pool were recovered. However,
complete removal of the six-proline side product was not achieved. The material was
subsequently utilized for test ligations in an effort to optimize the synthesis of the final product.
Further improvement of the synthesis process was attempted based on the new knowledge
that the peptide is prone to proline insertions.
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Figure 12: Purified SMN 231-249-NHNH2, produced prior to the master’s thesis

During the initial attempt to optimize the synthesis, a loading of 0.22 mmol/g was achieved

using 103 mg of resin, corresponding to a scale of 0.02 mmol. To monitor the formation of
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insertions and deletions within the five-proline sequence, test cleavages were performed after
each coupled proline. Kaiser tests were also conducted to assess the completeness of the
coupling steps. However, due to the poor visibility of the positive results in this detection
reaction, further use of these tests was discontinued after this initial attempt. Notably, an
additional proline, which got inserted during the coupling of the sixth amino acid, was detected.

As a consequence, the synthesis was not continued.
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Figure 13: DI of the test cleavage after a length of six amino acids, the terminal amino acid was fmoc protected.

A second attempt was initiated using 230 mg of resin, achieving a loading of 0.21 mmol/g and
a corresponding scale of approximately 0.05 mmol. In this attempt, the volume of DMF used
for the washing steps was increased to 40 ml. Additionally, the syringe was manually agitated
during the washing steps to ensure proper suspension of the resin. These adjustments resulted
in the production of the five-proline segment with improved quality, as evidenced by the MS

spectrum shown in Figure 14.
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Figure 14: Test cleavage of SMN 231-249-NHNH: after eight amino acids

After confirming the absence of deletions or insertions in the initial part of the sequence, test
cleavages were performed less frequently. During this attempt, it was discovered that the
quality of MS spectra for cleavages involving small hydrophobic segments of the sequence
could be improved by evaporating the diethyl ether in the tube and then redissolving the
peptide. Following the full cleavage, the product was freeze-dried and subsequently purified
the next day. For purification the same initial gradient from the first purification was used,the
fractions containing the peptide were combined and freeze-dried. The following day, LCMS
analysis of the peptide was conducted.
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Figure 15: LCMS spectrum of the full length, Acm protected, SMN 231-249-NHNH:

In this synthesis, Acm-protected cysteine was used as the terminal amino acid. Ligation trials

revealed that the ligation direction did not influence the reaction speed. As a result, it was
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decided to leave the terminal cysteine unprotected in future synthesis attempts to eliminate the
need for a deprotection step.

To compare the outcomes of manual with automated synthesis, the same peptide was also
synthesized using an automated synthesizer. In Figure 16 the analytical HPLC chromatogram
before and after purification of the crude material of this attempt is shown. As can be seen, all

impurities could be removed with the previously established gradient.

2000+ 2000 4

1500 1500 -

)

1000 ‘@ 1000 4 ‘

Absorbance (mAU)
Absorbance (mAU

%)
(=1
o
|
()}
(=3
o
1

. — | T T T T T T T —
0 10 20 30 40 50 0 10 20 30 40 50
Time (mm) Time (min)

Figure 16: HPLC chromatogram of SMN 231-249-NHNH:2 produced by the synthesizer before and after
purification

The MS spectrum of the purified material, which lacked Acm protection, is shown in Figure 17.
The m/z value of 970.56 suggests the presence of a product missing one proline. This
assumption is further supported by the deconvoluted spectrum, which reveals a species with
a mass of 2036.68 Da, consistent with the calculated mass of the intended product, and
another species with a mass of 1939.12 Da. The mass difference of 97.56 Da between these

two species corresponds to the mass of a prolyl group, confirming the presence of a proline
deletion.
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Figure 17: Full cleavage of the SMN 231-249-NHNH: peptide produced on the synthesize, the upper image shows
the obtained spectrum while the image on the bottom show the deconvoluted spectrum

The differences in quality are most likely attributed to the more extensive washing steps
performed during manual synthesis. It was anticipated that the automated synthesizer would
yield lower quality results, as it uses only a small amount of DMF for washing. Unfortunately,
due to the coelution of both species during the HPLC run, the peptide produced by the
synthesizer was unsuitable for further processing. To obtain more peptide free of side products,
another manual synthesis was initiated. This time, after conversion, a loading of 0.29 mmol/g

was achieved, corresponding to a scale of 0.03 mmol.
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Figure 18: SMN 231-249-NHNH:z produced manually

The m/z value of 631.46, observed in previous spectra, is very likely a truncation product with
the sequence H-PPPPPI-NHNH,. Additionally, the m/z value of 817.68 could correspond to the
truncation product H-PPFPSGPPIIPPPPPI-NHNH,, as the calculated m/z for the +2 species
is 817.99.

The N-terminal segment posed the greatest challenge due to its ten consecutive prolines.
Based on previous experience with the SMN 231-249-NHNH>, it was already known that
thorough washing steps are crucial for proline-rich regions. In the first attempt, a loading of
0.32 mmol/g was achieved, corresponding to a scale of 0.08 mmol. Throughout the synthesis,
test cleavages were performed at regular intervals to check for side products and truncations.
Before initiating the automated synthesis, a final test cleavage was conducted to verify the
accuracy of the produced sequence. As can be seen in spectrum, depicted as Figure 19, a
side product, containing an additional proline had likely been formed. The peak with an m/z of

925.55 indicates this species. It was decided to continue the synthesis nonetheless.
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Figure 19: Test cleavage of SMN 201-230-NHNH: after 17 amino acids

After the automated synthesis, the peptide was dried in a desiccator for one and a half days.
The first LC-MS run supported the theory that the crude material contained both a ten-proline
species and an eleven-proline species. In this case the peak with an m/z of 1042.22

corresponds to this species.
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Figure 20: LCMS run of the SMN 201-230-NHNH: crude

To gather more information about the mixture, an analytical HPLC run was performed on the
crude material. During this run, the eluting product peaks at 21.7 min and 23.2 min were

collected and subsequently analysed through direct injections.
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Figure 21: Analytical HPLC run of the SMN 201-230-NHNH: crude

The spectra from both peaks revealed that the ten proline and the eleven proline species eluted
at different retention times, with the ten proline species belonging to the 21.7 min peak and the

eleven proline species belonging to the 23.2 min peak.
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Figure 22: Direct Injections from the peak at 21.7. min  Figure 23: Direct Injection from the peak at 23.2 min

For purification a gradient from 5-35 % B in 5 minutes, followed by an increase to 55% in 30
minutes, a 10-minute desalting step was included as well. The purification was performed on
prep scale. The analytical HPLC chromatogram and the LCMS spectrum of the purified product
can be seen in Figure 24 and Figure 25.
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Figure 24: Analytical HPLC chromatogram of the purified SMN 201-230-NHNH:
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Figure 25: Final analysis of the SMN 201-230-NHNH:

As shown in Figure 25, it is possible to isolate the ten-proline species from the eleven-proline
species, which was unexpected given the minimal difference in polarity between them. In a
second attempt, the peptide was synthesized entirely by hand. The first test cleavage was
conducted after the synthesis of the ten-proline segment corresponding to a length of 14 amino
acids.
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Figure 26: SMN 201-230-NHNH: after 14 AA

Throughout the entire synthesis, each amino acid was coupled using a double coupling
method. Unlike the hybrid attempt, no additional proline was observed in this synthesis.

Following purification, an even cleaner compound with no addition proline was obtained.
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Figure 27: SMN 201-230-NHNH: full length

The remaining peptide, SMN 250-294 in its four variants, contained no proline rich regions in
its sequence. Therefore, the WT version of the peptide was produced entirely on the

synthesizer. The spectrum of this compound can be seen in Figure 28.
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Figure 28: SMN 250-294 WT, produced on the automated synthesizer

The purification of this peptide was performed with a gradient of 5-35 % B in 5 minutes, followed
by 35-57 % B in 30 minutes, a 10-minute desalting step was performed as well. The spectrum

of the purified compound can be seen in Figure 29.
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Figure 29: SMN 250-294 WT after purification

Both monophosphorylated versions of the SMN 250-294 fragment were successfully produced
using a combination of manual and automated synthesis. In both attempts the first six amino

acids were coupled manually through single couplings.

33



Intensity (%)

1297.47

1004 e
1297 .28
100 )5
80
1038.19
80 +5 [1047.09
1038.32 1
+5 25
é 604 1321.47
50 4 ot
B
=y
S 40 4
40 4 = 1356.41
+6 |
1729.51
20 1 20+ 752.86 122‘9 5
05 0
40 800 BoG 000 200 A0 AsRO.  1800° 2000 400 600 800 1000 1200 1400 1600 1800 2000
m/z
mlz
Figure 30: Crude SMN 250-294 pS290 Figure 31 Crude SMN 250-294 pS292

Both peptides were purified with a gradient of 5-20 % B in 15 minutes, followed by an increase
to 70 % B in 40 minutes, a 10 minute desalting step was included. The results of the

purifications can be seen in the following Figures.
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Figure 32: SMN 250-294 pS290 purified Figure 33: SMN 250-294 pS292 purified

In contrast, the spectrum obtained for the diphosphorylated peptide, which was produced in
the same way as the monophosphorylated variants, revealed that an error occurred during the
synthesis as no accurate mass could be identified. Since all three peptides were produced
simultaneously using the same setup, it was challenging to pinpoint the specific issues that

occurred during the synthesis.
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Figure 34: SMN 250-294 pS290 pS292-NHNH: after the first attempt of synthesis

To ensure the accuracy of the synthesis, the peptide was repeated using the same strategy as
before, with 570 mg of resin, resulting in a scale of approximately 0.11 mmol. The first six
amino acids were coupled manually. A test cleavage was conducted just before transferring
the peptide to the synthesizer to confirm the correct mass. The resulting pellet was re-dissolved
and loaded onto the analytical HPLC. The peaks, which eluted from the column, were collected

and analyzed via direct injections.
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Figure 35: Chromatogram of SMN 250-294 pS290 pS292 resin before it was put onto the synthesizer

The DI from the peak at 16.90 min showed the +1 and +2 m/z of the peptide protected with

Fmoc. Both spectra from the double peak at 21.80 min showed the correct mass plus one
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benzyl protecting group. This is common because the phosphoserine building block is
protected by a benzyl group. The double peak can potentially come from the two possible
positions on which the benzyl group can remain. The remaining peak at 26.10 min corresponds
to the correct mass plus two benzyl groups, indicating from a peptide where both

phosphoserines remained protected.
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Figure 36: Dls from the peaks at 16.80 min (top left), 21.80 min (top right and bottom right) and 26.10 min (bottom
right)

As the correct mass was verified the synthesis was continued on the synthesizer. Due to the
presence of two phosphorylations on the peptide, it was anticipated that MALDI-TOF analysis
would be necessary for accurate detection. To prepare the sample, the peptide was purified
using a gradient of 5-20% solvent B over 15 minutes, followed by a gradient of 20-70% solvent
B over 40 minutes. A 10-minute desalting step was also performed. This slow gradient was
chosen based on an analytical HPLC run of the crude material. Following purification, an

additional LC-MS run was conducted on a standard instrument.
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Figure 37: Crude of SMN 250-294 pS290 pS292 after purification, product could only be detected in traces

A dry sample was submitted to the mass center. The high-resolution MS spectrum obtained
did not reveal the expected mass of the sample, once again raising questions about what might

have gone wrong during the automated synthesis.
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Figure 38: High resolution spectrum of the purified SMN 250-294 pS290 pS292

The main peak shows a mass of 5,253.3 Da, which is 13 Da less than the expected mass. Due
to time constraints the synthesis of the dephosphorylated SMN 250-294 variant was not

repeated during the master’s thesis.
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5.2 Selection of the ligation direction

To eliminate the need for one deprotection step on C231, the N->C ligation direction was
preferred over the C->N direction. To evaluate the feasibility of both approaches, SMN 231-
249 was converted to a thioester and ligated with SMN 250-294 WT. Concurrently, SMN 201-
230-NHNH» was converted and ligated with SMN 231-249-NHNH.. Since both reactions
proceeded quickly and without issues, the N->C ligation direction was chosen for all

subsequent reactions.

5.2.1 Conversion of SMN 231-249 to the corresponding thioester
The conversion reaction was carried out using 100 equivalents of MPAA as thiol for the thiolysis
reaction. Once the optimal pH of 6.5 was established, the conversions proceeded quickly and

reliably.
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Figure 39: LCMS analysis of the SMN 231-249 MPAA thioester
5.2.2 Ligation of SMN 231-249 and SMN 250-294
For the first NCL reaction the total amount of 1.8 mg of the SMN 231-249 thioester was used
together with 2.9 mg of the SMN 250-294, 8.9 mg of MPAA (equals 100 equivalents) and 3.0
mg of TCEP (equals 20 equivalents). The progress of the ligation is illustrated in the following

waterfall diagram.
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Figure 40: Time course of the ligation reaction between SMN 231-249 thioester and SMN 250-294-NHNH:2

The ligation product, SMN 231-294 WT (3), eluted at 10.45 minutes in the LC-MS analysis.
The MS spectrum from the final LC-MS run is shown in Figure 41. By the end of the reaction,
SMN 250-294 WT (1) was no longer detectable in the LC-MS, although the thioester (2) was

still present in the peak at 9.80 minutes.
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Figure 41: SMN 231-294 WT, spectrum from the 10.45 min peak of the last ligation monitoring

After quenching the reaction with an excess of 6 M guanidinium chloride solution and a spatula

tip of TCEP, the reaction mixture was purified.
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Figure 42: SMN 231-294 WT after purification

5.2.3 Conversion of SMN 201-230 to the corresponding thioester
The conversion was initially performed with 200 eq. of MPAA. After some problems concerning

hydrolysis arose, the reagent was switched to MESNa. An optimal pH of 6.8 was determined.
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Figure 43: SMN 201-230 MESNa thioester
5.2.4 Ligation of SMN 201-230 and SMN 231-249
After a test ligation confirmed the feasibility of the SMN 201-230 and SMN 213-249 ligation,
larger scale reactions were performed. For the ligation 11.38 mg of thioester were used

together with 5 mg of SMN 230-249 and 80 mg of MESNa. After the purification, 1.73 mg of
the ligation product were obtained.
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Figure 44: Time course of the ligation reaction between SMN 201-230 thioester and SMN 231-249-NHNH2

The peak at 10.40 resembles the ligation product (3) with a calculated mass of 5,032.04 Da.
The TE (1) and the PH (2) are both decreasing over the time course. After the reaction was
quenched, the mixture was purified with a gradient of 5-20 % B in 15 minutes followed by 20-

70 % B in 55 minutes. A 10-minute desalting step was included.
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Figure 45: SMN 201-249 before and after purification
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Figure 46: Analytical HPLC of SMN 201-249-NHNH2

5.3 One pot reaction to the final ligation product

In the initial attempt of the final reaction, 1.73 mg of SMN 201-249 was used in combination
with 1.17 mg of SMN 250-294. During the first phase, 7 yL of NaNO, was added, followed by
7.70 mg of MPAA in the second phase. The following day, an additional small amount of TCEP
was introduced, as the final product was still not visible. The subsequent LC-MS spectrum
confirmed the formation of the SMN 201-294 product. After purification, 0.52 mg of SMN 201-
294 was obtained. For final analysis, a small sample was sent to the mass center, where a

high-resolution spectrum was recorded on the timsTOF, as shown in Figure 47.
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Figure 47: High resolution mass spectrum of SMN 201-294 WT
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Figure 48: Analytical HPLC run of SMN 201-294 WT after purification

The reaction was repeated using SMN 250-294 pS290 to produce the SMN 201-294 pS290
product. For this attempt, 2.6 mg of SMN 201-249 and 1.8 mg of SMN 250-294 pS290 were
used. However, only a small amount of the final product was produced, which coeluted with
SMN 250-294 pS290. As a result, no pure material could be obtained.
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Figure 50: Ananlytical HPLC run of SMN 201-294 pS290

The third variant, SMN 201-294 pS292, was produced under the same conditions as
mentioned before. To improve the problems with the purification, a slower gradient of 5-20 %
B in 15 minutes, followed by an increase to 70 % B in 40 minutes was selected. A 10-minute
desalting step was included. After purification, it could be seen that the material still coeluted
with SMN 250-294 pS292. An analytical HPLC was performed to check if separation was
possible at all. During the run the peaks were collected and analyzed with the help of the mass
center.

44



3000

2500 4

L~}
[=1
o
o
4

1500 f

Absorbance (mAU)

1000

500

Time (min)

Figure 51: Analytical HPLC of SMN 201-294 pS292 after one round of purification

While the material of the first peak, as can be seen in Figure 52, contains a side product

denoted as B, the spectrum of the second peak, shown in Figure 53, contains the pure product.
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Figure 52: Spectrum of SMN 201-294 pS292, from the first peak
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Figure 53: High resolution mass spectrum of SMN 201-294 pS292

The deconvoluted spectrum shows the compound with an observed mass of 10,185.9 Da and
a second species with a mass of 10,207.9 Da, which corresponds to an adduct with sodium.

The spectrum therefore verified that the product can be obtained in a sufficient purity.

5.4 Discussion of the results of the synthesis

Compared to the initial uncertainty about whether the synthesis could achieve satisfactory
purity, the results turned out better than anticipated. It has been determined that the key to
improving the quality of the final product is washing the peptide thoroughly during synthesis.
The reason why the SMN 250-294 pS290 pS292 peptide did not work remains unclear. It is
speculated that microwave irradiation during synthesis might have caused B-elimination. A
research article has confirmed that piperidine can react with dehydroalanine, which is formed
from phosphoserine after B-elimination. [47] This reaction could explain the observed mass
difference of 13 Da. To test this hypothesis, it would be necessary to either synthesize the full
eptide manually or use an automated synthesizer that does not use microwave irradiation.
Another option would be to further investigate the product via mass spectrometry. A MS/MS
spectrum for example could yield information about the fragmentation pattern which would
allow further analysis. The problem in this case was that additional MS techniques would need
knowhow and expertise for the evaluation process. For time reasons these experiments were

therefore not performed.
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Figure 54: Scheme depicting the possible reaction path that happened during the synthesis of the
diphosphorylated peptide [47]

Regarding the ligation reactions performed, the major issue encountered was the low yield
after both the initial ligation and the one-pot reaction. Evidence indicates that the starting
material is indeed consumed during the reaction, suggesting that the problem may lie in the
product not eluting from the column effectively. To address this issue, future experiments
should explore different elution conditions. Additionally, it has been observed that producing
both monophosphorylated compounds is more challenging because their higher polarity shifts

the retention time closer to that of the remaining segment.
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