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2 Abstract

Antibodies, also known as immune globulins (Ig), are key players in the human immune
system. In particular, the multivalent, polymeric IgM represents an early response against
pathogens by the adaptive immune system. Generally, immune globulins consist of two
covalently linked light (L) and two heavy (y) chains, that form p2-L2 subunits. In case of IgM,
these subunits are further assembled into (u2-L2) penta- or (u2-L2) hexamers depending on
the presence or absence of a J chain, resulting in a complex of over 1.200 kDa. Previous
studies have shown that extending the Cu4 domain of py chain with an 18-aa C-terminal
tailpiece (ptp) is sufficient and necessary for the formation of hexamers, and that disulfide
bond formation between C575 of two Cp4tp fragments is a prerequisite for assembly.

We aimed to further explore the underlying mechanism of IgM assembly dimerization via
creating and investigating ptp-extended Cp4 domains. To achieve this goal, we have
developed strategies for the semisynthetic production of modified Cu4tp domains to facilitate
the incorporation of non-proteinogenic amino acids into our constructs. We successfully
produced three Cp4tp variants, each carrying a p-benzoyl-L-phenylalanine (BPA)
photocrosslinkers in a different position of the tp. These variants (L561Bpa, Y562Bpa and
V564Bpa) display folding behavior in line with wild-type Cp4tp and may allow for searching
yet unknown interaction sites during IgM assembly.

Additionally, we present work toward the semisynthetic production of glycosylated Cp4tp
variants, including a minimally glycosylated variant carrying a GIcNAc in position Asn563 and
a variant carrying a glycan derived from sialylglycopeptide (SGP) in the same position.

Furthermore, we show a new protocol for isolating SGP from egg yolk powder and discuss our
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results and experiences performing direct transglycosylation reactions using SGP as glycan

donor.
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3 Zusammenfassung

Antikorper, auch bekannt als Immunglobuline (Ig), sind essenzielle Bestandteile des
menschlichen Immunsystems. Eine besondere Bedeutung kommt hierbei dem multivalenten,
polymeren IgM zu, welches besonders in der friihen Phase der Immunantwort des adaptiven
Immunsystems auf Pathogene eine entscheidende Rolle spielt. Allgemein bestehen
Immunglobuline aus zwei kovalent verbundenen leichten (L) und zwei schweren (y) Ketten,
die p2-L2-Untereinheiten bilden. Im Fall von IgM werden diese Untereinheiten weiter zu (p2-
L2) Penta- oder (u2-L2) Hexameren zusammengesetzt, in Abhangigkeit der Gegenwart der
sogenannten J-Kette, was zur Bildung eines Komplexes von tUber 1.200 kDa fihrt. Bestehende
Studien konnten zeigen, dass die Verldngerung der Cu4-Domane der p Kette mit einem 18
Aminosaure-langem C-terminalen Tailpiece (ptp) ausreichend und notwendig fir die Bildung
von IgM-Hexamern ist, und dass die Bildung einer Disulfidbriicke zwischen C575 von zwei
Cu4tp-Fragmenten eine Voraussetzung fir die Assemblage ist.

Unser Ziel war es, den zugrundeliegenden Mechanismus der IgM-Dimerisierung durch die
Erstellung und Untersuchung von ptp-erweiterten Cu4-Domanen weiter zu erforschen. Um
dieses zu bewerkstelligen, haben wir Strategien fur die semisynthetische Produktion von
modifizierten Cp4tp-Domanen entwickelt, um die Einflgung von nicht-proteinogenen
Aminosauren in unsere Konstrukte zu ermdglichen. Wir haben erfolgreich mehrere Cp4tp-
Varianten produziert, die einen p-Benzoyl-L-Phenylalanine Photocrosslinker in ihrem tp
tragen. Diese Varianten (L561Bpa, Y562Bpa und V564Bpa) zeigen ein Faltungsverhalten, das
mit dem wildtypischen Cp4tp weitgehend Ubereinstimmt. Diese konnten es ermoglichen,

bisher unbekannte Interaktionsstellen wahrend der IgM-Oligomerisation zu suchen.
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Zusammenfassung

Zusatzlich prasentieren wir Fortschritte bei der semisynthetischen Darstellung von
glykosylierten Cp4tp-Varianten, einschlielSlich einer minimal glykosylierten Variante mit
einem GIcNAc in Position Asn563 und einer Variante, die ein komplexes Glykan an derselben
Position tragt, welche aus Sialylglykopeptid (SGP) gewonnen wurde. Wir zeigen aulserdem ein
neues Protokoll fir die Isolierung von SGP aus Eigelbpulver und diskutieren unsere Ergebnisse
und Erfahrungen bei der Durchfihrung direkter Transglykosylierungsreaktionen unter

Verwendung von SGP als Glykanspender.
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structure B) UV-VIS trace of analytical HPLC analysis C) direct injection mass spectrum D)

deconvoluted mass spectrum; MWops: 4599 Da Da, MWeaic: 4597.22 Da.eceececieceeeeeece 137
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6 Abbreviations

ACN Acetonitrile

BCR B-cell receptor

Boc Tert-Butyloxycarbonyl

BSA Bovine serum albumin

CD Cirular dichroism

CDMBI 2-Chloro-1,3-dimethyl-1H-benzimidazol-3-ium chloride
Cp4 IlgM constant domain 4

Cpétp lgM constant domain 4 plus the C-terminal tailpiece
DCM Dichloromethane

DIC N,N-Diisopropylcarbodiimide

DIPEA N,N-Diisopropylethylamine

DMF N,N-Dimethylformamide

DNA Deoxyribonucleic acid

DoSChem Vienna Doctoral School in Chemistry
DTT 1,4-dithiothreitol

E. coli Escherichia coli

EDT 1,2-ethanedithiol

ER Endoplasmic reticulum

FDA US Food and Drug Administration
Fmoc 9-Fluorenylmethoxycarbonyl

Gal Galactose

Gdn.HCl Guanidine hydrochloride
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GlcNAc

GSH

GSSG

H.O

HATU

HBTU

HF

HPLC

IUPAC

LB

LCMS

Man

Mesna

NCL

Abbreviations

N-Acetylglucosamine

Glutathione inits reduced form

Glutathionein its oxidized form

All H,O referred to throughout this thesis was filtered through a Milli-Q
system.
1[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide
hexafluorophosphate
2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
hydrofluoric acid

High-performance liquid chromatography

Immunoglobulin

Immunoglobulin A

Immunoglobulin D

Immunoglobulin E

Immunoglobulin G

Immunoglobulin M

International Union of Pure and Applied Chemistry

Lysogeny broth

High-performance liquid chromatography coupled with a mass
spectrometry instrument

Mannose

Sodium mercaptoethane sulfonate

Native chemical ligation
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NEM N-Ethylmaleimide

Neu5Ac N-Acetlyneuraminic acid

PAGE Polyacrylamide gel electrophoresis
PEG Polyethylene glycol

POI Protein of interest

PTM Posttranslational modification
RNA Ribonucleic acid

rt Room temperature

SDS Sodium dodecyl sulfate

SGP Sialyl glycopeptide

SPPS Solid-phase peptide synthesis
TCEP Tris(2-carboxyethyl)phosphine
TFA Trifluoroacetic acid

TIPS Triisopropylsilane

tp lgM tailpiece

TUM Technical University of Munich

Amino acids are depicted in the standard single or triple-letter codes established by the

International Union of Pure and Applied Chemistry (IUPAC).
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The following symbols are used in the schematic representation of glycan structures in

accordance with the Symbol Nomenclature for Glycans (SNFG)*%

N-Acetylneuraminic acid (Neu5Ac)

Galactose (Gal)

N-Acetylglucosamine (GIcNAc)

2
@)
. Mannose (Man)
L]
O

Glucose (Glc)
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7 Introduction

7.1 Antibodies

Antibodies, also known as immunoglobulins (Ig), are essential components of the human
humoral immune response. They recognize and bind foreign antigens, ideally resulting in the
opsonization and destruction of the associated pathogens through other agents of the
immune system, such as macrophages or the complement system. They are mainly produced
by plasma cells, a type of differentiated B cell*®.

The body’s natural immune response to an antigen is polyclonal, targeting various epitopes
of the same antigen with a variety of distinct antibodies. Kéhler and Milstein were the first to
describe the controlled production of monoclonal antibodies (mAbs) in 19756, for which they
were awarded the Nobel prize in 1984 together with Jerne. mAbs have since been subjected
to extensive efforts in protein- and glycoengineering”® and antibody drug conjugation”*.
Today, mAbs are widely used to treat cancer and autoimmune diseases such as multiple
sclerosis'*™®, heavily contributing to a paradigm shift in drug development away from small
molecules towards biologics. The FDA has also approved numerous antibody therapeutics for
treating viral diseases such as rabies'®, varicella'’, measles'®, hepatitis A, hepatitis B*, and
others®.

Fach year, hundreds of antibody therapeutics are evaluated in clinical studies. In 2022 nearly
1200 antibody therapeutics were in clinical studies, almost 140 of which were in Phase 2 or 3%,
More than 160 antibody therapies have been approved by at least one regulatory agency in

the world, with more than a hundred monoclonal antibody products approved by the FDA?#,
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The global market for antibody therapies was estimated at 186 billion USD with a compound
annual growth rate of above 13%, potentially reaching a size of over 440 billion USD in 2028%.
Beyond their tremendous success as therapeutics, antibodies are well-established tools in
diagnostics and research. Immunoblots, such as the ubiquitous western blot*,
immunoassays, such as the enzyme-linked immunosorbent assay (ELISA%) and lateral flow
tests (LFT*), and cell staining applications, such as flow cytometry/FACS** and
immunoprecipitation®, rely on the specificity of an antibody to its antigen to detect proteins

of interest.

7.2 Antibody structure

For historical reasons, antibodies are also divided into an antigen binding- and a
crystallizable region (Figure 1). This nomenclature is based on experiments by Rodney R.
Porter in which antibodies were digested with papain®***'. This resulted in two fragments still
capable of antigen binding (hence called Fragment antigen binding or Fab) and a fragment
that could be crystallized (therefore named Fragment crystallizable or Fc) *. Complex
mechanisms such as V(D)J recombination®, somatic hypermutation®*, and affinity
maturation® create a vast repertoire of distinct antigen-binding regions. At the same time, a
rigorous selection process prevents the formation and release of self-targeting antibodies.
Failure of this selection process results in various autoimmune disorders such as systemic
lupus erythematosus®, rheumatoid arthritis®’, multiple sclerosis®“*°, Graves’ disease®,

Hashimoto’s thyroiditis**, and others**.
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Variable region

Hinge region

Constant region
- Fc

Figure 1.  Generalized  antibody  structure. ~ Variable — region (red), constant region  (blue).

Disulfide bonds are highlighted in yellow.

Antibodies are made of two light (L) and two heavy (H) chains connected via disulfide bonds
resulting in Ha-L, dimers®*. This H,-L, structure will be referred to as the antibody monomer
throughout this thesis.

Both chains can be divided into variable- (V) and constant- (C) domains (Figure 2). Light
chains consist of one Vi and one Ve domain. Heavy chains contain one Vi and multiple Cy

domains.

33



Introduction

Heavy chain

N terminus

N terminus

Light chain

C terminus

C terminus

Figure 2: Schematic overview of IgG. Light chains (L) are depicted in green, and heavy chains (H) are depicted in

blue. Antigen binding domains are highlighted with lighter shading. Disulfide bonds are highlighted in yellow.

The variable domains of L- and H- chains (V. and Vi) form the variable region responsible for
antigen binding, while the constant domains of both chains (C. and Cy, respectively) provide
structure and effector functions and thus determine the isotype of the antibody, which will be
discussed extensively in the next section (7.3). Each of these domains is approximately 110
amino acids long and somewhat similar in structure. These conformations are therefore
referred to as the “immunoglobulin fold”. They consist of two antiparallel B-sheets that stack
on top of each other. The B-sheets of the constant domains contain four B-strands (VA +B VE
D) and three B-strands (vC ~F vG). An intra-domain disulfide bond between two cysteine
residues in the B and F B-strands covalently links the the two B-sheets, while the B-strands

themselves are connected via short loops®.

34



Introduction

Figure 3: Immunoglobulin fold represented by a mouse IgM Cu4 domain as cartoon model. Disulfide bond depicted

in yellow. Capital letters identify B-strands (PDB 1D: 4JVW)*=!,

7.3 Antibody isotypes in humans

Antibodies are categorized into different isotypes based on their Fc regions. In humans, the
following five antibody isotypes are found: IgA, IgD, IgE, 1gG, and IgM*. The respective heavy
chains are denoted with Greek letters matching their isotype: a for IgA, & for IgD, € for IgE, y for
IgG, and p for IgM. The length of these heavy chains varies from ~450 amino acids to ~550
amino acids and three (IgA, 1gD, and IgG) to four (Igk and IgM) constant domains. IgD, IgE, and
lgG are present as monomers, while IgA and IgM can form oligomers (Figure 4). These isotypes
vary in time of production, tissue distribution and efficacy against different types of
pathogens. Of these isotypes, IgG is the most prevalent in serum, comprising approximately

75% of all Igs in circulation, followed by IgA (~15%) and IgM (~10%)***3.
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Figure 4: Schematic overview of human antibody isotypes.

7.3.1 IgA

IgA is present in serum primarily as monomer, while dimeric IgA is secreted in the mucosa in a
complex with the so-called secretory component, a heavily glycosylated peptide*. This
dimerization and secretion depends on the presence of a short protein called the J-chain *
that is also present in secretory I1gM and is discussed further in section 7.4. This unique
structure allows IgA to survive in the proteolytic environment of the mucosal surfaces, where
it prevents the invasion of pathogens, and influences the metabolism of the local
microbiomes *°. IgA can be divided into two subclasses, IgAl and IgA2. Both play crucial roles

in humoral mucosal immunity®* and are the most abundant antibody isotypes in mucosal
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secretions®’. Therapeutic application of plasma-derived antibody preparations containing
significant amounts of IgA is very limited and includes IgAbulin, Vennimmun N, Pentaglobin,
and Trimodulin . Nonetheless, inhalation of antibodies, including IgA, may be a potential

strategy for the treatment of inflammatory lung diseases ¢,

7.3.2 IgD

IgD is present in mammary, nasal, salivary, lacrimal, and bronchoalveolar secretions and is
critically important in regulating immune responses in the respiratory tract>’®. It binds to
mast cells and basophils, inducing the production of antimicrobial peptides and
inflammatory cytokines®. IgD likely contributes to mucosal homeostasis. While 1gD has been
highly conserved for the last 500 million years of evolution®, its role in the immune system

remains, as-of-yet, not well defined.

7.3.3 IgE

IgE is an isotype best known for its role in allergic diseases such as allergic asthma, allergic
dermatitis, allergic rhinitis, and food allergies®. However, it is also involved in the immune
response against infections with parasites, such as helminths %' It is present in nasal,
bronchoalveolar, and intestinal secretions®’. IgE has the shortest half-life of all antibody
isotypes but is stabilized when bound to mast cells, which provides mast cells and basophils

with antigen specificity in allergic responses®.

7.3.4 1IgG
lgG is the most prevalent antibody in humans, accounting for 10-20% of protein content in

serum?2, It is also the primary antibody isotype utilized in protein engineering and monoclonal
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therapeutics®. There are four subclasses of 1gG (IgG1-4) in humans. Although these subclasses
display an above 90% similarity in their amino acid sequences, they vary in antigen binding,
complement activation, half-life, and placental transport. IgGl appears to be primarily
produced as a response against soluble proteins and membrane proteins, while 1gG2 is
overrepresented in immune responses against bacterial capsular polysaccharides. 1gG3 is a
highly pro-inflammatory antibody with a shorter half-life. While it plays an important role in
viral infections, it rarely appears to be the dominant IgG subtype. 1gG4 antibodies are often
formed after repeated exposure to an antigen in a non-infectious setting and may be involved
in regulating allergic responses ™. The subtypes also vary in the flexibility of the hinge region,
likely resulting in enhanced antigen and complement activation for IgG1 and IgG3 as opposed

tolgG2 and IgG4 ™.

7.3.5 IgM
lgM is discussed in detail in the next section, as it is the antibody isotype that this thesis

focuses on.

7.4 1gM

lgM was first described by Kabat and Pedersen during the study of antibody sedimentation
constants”. Due to its large size of ~1,000 kD, this antibody was named y-macroglobulin.
Based on the World Health Organization nomenclature of immunogloabulin isotypes ™", the
macro remains as M in IgM.

IgM is the most highly conserved class of antibody. It can be found in all jawed vertebrates,

including mammals, birds, and amphibians, but not in jawless fish. Interestingly, 1gM is also

38



Introduction

present in vertebrate classes that have not evolved features like class switching or germinal
centers, such as bony fish and cartilaginous®.

lgM has two distinct forms in humans: membrane-bound IgM (mIgM)™ and secretory IgM
(SlgM)™. migM is initially produced as part of a membrane-bound B cell receptor. During an
immune response, IgM is produced by plasma cells and secreted across mucosal surfaces as a

soluble pentamer, making slgM the most structurally complex antibody isotype (7.4.3).

7.4.1 Structure of the IgM monomer

Like other antibody isotypes, 1gM forms monomers consisting of two light and two heavy
chains (Figure 5). The light chain contains two domains (V. and Vi). The heavy chain of IgM is
the so-called p chain. It has one variable domain (V,) and four constant domains (Cul to Cu4).
The Cp4 domain carries an 18 amino acid-long C-terminal extension called the tailpiece (tp).
Together the Cu4 domain and the tailpiece (Cp4tp) are necessary and sufficient for the
formation of IgM oligomers’®, which are further discussed in section 7.4.4.

The light chain is linked to the Cu2 domain via a disulfide bond in position Cys140. The heavy
chains of the IgM monomer are connected by a disulfide bond in position Cys337, located at
the end of the Cu2 domain™. Intramolecular disulfide bonds in each constant domain of the
heavy chain are present between Cys22 and 97, Cys153 and 212, Cys259 and 320, Cys367 and

426, and 474 and 536, respectively .
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Figure 5: Schematic overview of the IgM monomer. Light chains (L) are depicted in purple, and heavy chains (H) are
depicted in red. Antigen binding domains are highlighted with lighter shading. Disulfide bonds are highlighted in

yellow. Dashed yellow lines indicate disulfide bonds formed with neighboring IgM monomers in the oligomer.

7.4.2 Membrane-bound IgM and the B cell receptor

B cells, or B lymphocytes, are critical players in the adaptive immune system. Their plasma
membrane carries immobilized antibodies as part of the B cell receptor. Upon binding their
antigen, they proliferate and differentiate, turning into antibody-secreting plasma cells ##°.
They start as naive bone marrow-derived B cells expressing both IgM and IgD that develop
into germinal center B cells, which undergo hypersomatic mutation during the T-cell-

dependent immune response. This hypersomatic mutation dramatically increases the affinity
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of the V region of the antibody genes towards their antigen. Selected B cells then undergo
class switching, which changes the isotype of the expressed antibody, and are released into
the periphery, where they act as long-lived memory B cells. These memory B cells
dramatically decrease the response time of the innate immune system upon repeated
exposure to the respective antigen #%. However, not all memory B cells undergo class
switching resulting in IgM expressing memory B cells®.

B cells recognize foreign antigens via their surface-expressed B cell receptor (BCR) #. BCRs are
composed of two transmembrane proteins, Iga (CD79A) and IgB (CD79B), connected to
membrane-bound antibodies, such as IgM®® (Figure 6). The membrane-bound, monomeric
antibody retains the canonical Y shape outlined in section 7.2. The Fab parts of the antibody
are free to bind their antigen, while the Fc region binds the Iga-IgB heterodimer at a 1:1 ratio®.
The transmembrane helices of the antibody and the Iga-IgB heterodimer stick together inside
the B cell membrane, interacting with each other through various polar residues in the
otherwise hydrophobic membrane environment. Disruption of these interactions via
mutation severely inhibits antigen presentation downstream of receptor activation #.
Interestingly, this transmembrane structure resembles the T cell receptor transmembrane

structure®.
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Figure 6: Schematic representation of the BCR structure.

lgM is the first antibody isotype expressed in B cell development™ with naive B cells co-
expressing IgD and IgM BCRs with identical specificity®®®*. Upon exposure to their antigen,
naive B cells form germinal centers. These transient structures are inside secondary lymphoid
organs such as the spleen and lymph nodes. They provide a microenvironment for B cells to
undergo antibody affinity maturation. This process is based on additional diversification of
variable immunoglobulin genes through somatic hypermutation®. BCRs sense the affinity of
their antigen binding, providing B cells with a superior ability to recognize an antigen with a
selection advantage, thereby gradually improving the binding capabilities of antibodies to an
antigen over the course of an infection resulting in high-affinity antibodies®*®*. This ultimately

results in the B cell undergoing class switching and differentiating into either antibody-
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secreting plasma cells or memory cells, providing long-term immunity*. The BCR also
regulates essential B cell functions beyond proliferation, such as affinity maturation, and
plays a vital role in vaccine-induced immunity®.

The proliferation induced by BCR is regulated by secondary signals provided, amongst others,
by CD4+ helper T cells. Without these secondary signals, BCR signaling induces cell death. The
BCR functions as an endocytic receptor, capturing antigens and delivering them to
intracellular proteolytic processing, after which the antigens are loaded onto the major
histocompatibility complex class Il (MHC I1), which presents the antigen to antigen-specific
helper T cells®. T cells also induce class-switching, which changes the IgD and IgM antibody

isotypes to IgA, IgE, or 1gG*, all of which also form BCR on the B cell surfaces™.

7.4.3 Secretory IgM

Secretory IgM is an early-phase antibody most active in the early stages of an immune system
response against pathogens. At this stage, antibodies have not yet undergone affinity
maturation, resulting in a relatively low affinity®. This is counteracted by the high avidity
displayed by oligomeric IgM®"%° (see section 7.4.4). Interestingly, IgM production is not limited
to the initial antigen response. IgM-expressing memory B cells can produce IgM that has
undergone somatic hypermutation'®*®, These mutated IgM-expressing B cells may account
for up to 20% of B cells in peripheral blood®.

Secretory IgM is the most potent complement activator of all antibody isotypes'®?, primarily
caused by its unique oligomeric structure (see section 7.4.4). The complement system is a

highly conserved, critical component of the innate immune system that can also be activated
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by complement-activating antibodies and serves as a first-line defense against pathogens. It
encompasses a complex proteolytic cascade that ultimately forms a membrane attack
complex (MAC), a large pore in the target cell's membrane, which leads to lysis and cell
death®.

It is mainly found at mucosal surfaces in the lung, gut, and liver”, where it serves as an early
defense mechanism to antigen challenge and facilitates the removal of apoptotic cells’®. It
can compensate for selective deficiency of IgA, which should also be present at these mucosal
surfaces, to a large extend'®%. However, this compensation is less effective in the respiratory
tract than in the gastrointestinal system, resulting in an increased susceptibility of IgA-
deficient individuals to infections of the airways'”’. Selective IgM deficiency displays
symptoms similar to allergies, respiratory infections, and autoimmune diseases '® and
significantly changes the distribution of B cell subsets compared to healthy individuals'®.
Secretory 1gM is transferred through breast milk early in life and plays an essential role in the
development of immune tolerance™. Interestingly, IgM-secreting B cells may also play a role in
the loss of self-tolerance of the immune system in aging”.

There are three receptors for IgM: polymeric Ig receptor (plgR), Fca/uR, and FcuR. plgR is
expressed in the intestine, lungs, kidneys, and mucosal epithelium. It selectively recognizes
pentameric IgM and dimeric IgA containing a J chain and initiates their transcytosis across to
the mucosal epithelial layer®!*', This transport leaves behind a peptide fragment from the
ectodomain of plgR, called the secretory component (SC) "%, Fca/uR also binds both IgM
and IgA and initiates the internalization of antibody coated microorganisms by B cells

macrophages™®. It is also expressed in lymph nodes, the appendix, and kidneys. FcuR is the

44



Introduction

only IgM-specific receptor in mammals and recognized IgM to regulate BCR activity ""*%. This
receptor is furthermore overexpressed in chronic lymphocytic leukemia B cells and
internalized upon IgM binding™!. FcuR appears to play a role in B-cell survival and immune

system development*"822 However, its precise role is still not well understood *=.

74.3.1 NaturallgM

A unique subtype of IgM is so called natural IgM***>>. Natural IgM is a part of the innate
immune system that is encoded by unmutated germline variable gene segments and is
evolutionarily conserved across jawed vertebrates®. It is spontaneously produced by B-1 cells
without prior immunization***?". Together with natural killer cells, dendritic cells, mast cells,
and macrophages, it represents a first line of defense against pathogens such as bacteria and
viruses. Natural IgM is polyreactive, targeting conserved antigens such as carbohydrates,
phospholipids, lipopolysaccharides, DNA fragments, and autoantigens with low affinity'?.
This low affinity is counteracted by the high avidity of the IgM penta- and hexamers "% (see
section 7.4.4).

Natural IgM also targets altered self-antigens and neo-epitopes of dying cells and marks these
for removal. Natural IgM antibodies in mice enhance phagocytic clearance of dead and dying
cells and keep innate immune signaling in check to prevent uncontrolled inflammation'®.
Natural IgM also plays a role in controlling B cell development, selection, and induction of
central tolerance to prevent autoimmunity*®® and appears to stimulate T cell-dependent

responses and class-switching upon stimulation with antigen during primary response'#,
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7.4.4 The structure of polymeric IgM

lgM is the most structurally complex of the human antibody isotypes. Like IgA, IgM is
polymeric and contains an additional 137 amino acid long peptide called the J or joining
chain®**# In the 1970s, electron micrographs first provided evidence for the formation of IgM
pentamers with a five-fold symmetry in the presence of a J-chain ****? and that this J-chain,
as well as disulfide exchanging enzymes, are required for IgM oligomerization'*. This
oligomerization is assumed to counteract the relatively lower binding of IgM in the early
stages of infection with the increased avidity of polymeric IgM °"°. This high avidity also

increases IgM effector function, such as complement activation **.
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Figure 7: Schematic view of hexameric IgM .
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More recent single-particle negative-stain electron microscopy and cryo-electron microscopy
(cryo-EM) data suggest an asymmetric pentamer with a 50° to 60° gap occupied by a J-
chaint*1%_ [t is possible that an additional (u»-L2) unit could take the place of the J-chain to
form almost perfectly hexagonally symmetric IgM units 2%, This hexameric IgM can also be
detected in serum but comprises only 5% of total serum IgM*. This results in a complex of
over 1.200 kDa, secreted by plasma cells and transcytosed through the mucosal epithelial
layer by the polymeric immunoglobulin receptor (pIGR). pIGR binds to J-chain-containing,
pentameric IgM at the basolateral surface of epithelial cells and releases it at the apical side
via proteolysis of its ectodomain *>*% This process leaves a part of the ectodomain, the
secretory component (SC), bound to IgM *>#7 This secretory component is present in both

secreted IgA and IgM as an additional glycoprotein component038:139,

Figure 8: A) Cryo-em structure of IgM pentamer (grey with an individual u-chain highlighted in red) with J-chain

(green, SC hidden to improve clarity) and B) SC (blue) as cartoon model (PDB ID: 6KXS)?441.
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Li et al. published high-resolution cryo-EM data of the IgM Fc region (Fcu), J-chain, SC
complex***. In the Fcy dimer, the Cu3 domains were observed not to be in contact with each
other. This contrasts with the pentamer, where the Cu3 domains were reported to contribute
to pentamer formation. This IgM Fcy pentamer, in conjunction with the J-chain, forms a near-
planar structure with a triangular SC docking perpendicular to the Fcu-J plane **. Previous
negative-stain electron microscopy experiments by Feinstein et al. showed that the J chain
occupies an approximately 50° gap in this structure*®. In contrast, Li et al. report a 61° gap
with the five Fcp units arranged in almost perfect hexagonal symmetry**.

The Cys414 of the Cu3 domain and the penultimate Cys575 of the Cu4tp form disulfide bonds
between adjacent Fcp units, with Cys575 being an essential prerequisite for assembly “7678145,
However, the Cu4 domain and its C-terminal tailpiece (Cu4tp, Figure 9) are sufficient for the
specific polymerization of Cu4 dimers into covalently linked hexamers “.  Cys575 also
connects to the J-chain (for 2 out of 10 monomer subunits) via J-chain residues Cys14 and

Cys68, respectively .

Cp4-PTLYNVSLIMSDTGGTCY-OH

Figure 9: Amino acid sequence of Cu4 tail piece.
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Figure 10: A) Cryo-EM structure of IgM pentamer (grey with an individual u-chain highlighted in red) with J-chain
(green) and B) detailed view of the tailpiece assembly, including N-acetylglucosamine (GIcNAc, depicted in blue)

attached to Asn563 (PDB ID: 6KXS)* 1114140,

Pasalic et al. proposed a model for Cu4tp oligomerization, wherein conformational changes
induce the formation of Cys575 disulfide bonds, which is followed by the assembly of Cp4tp
oligomers, leading to the formations of hexamers . The residues Tyr562 to Met568 in each tp
form beta-strands, resulting in two five-stranded parallel beta sheets that pack onto one
another, in an antiparallel fashion, in the IgM pentamer **. This is reminiscent of amyloid

proteins and peptides 2 Tyr562, Val564, Leu566, and Val567 residues point inward and
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mediate hydrophobic interactions between the two sheets ***. In mice, Y562A, V564, and L566A
are exclusively secreted as monomers in mice, which further highlights the importance of
hydrophobic interactions between the disrupting the hydrophobic interaction of the Cp4tp
beta sheets for IgM assembly . Val567 residues in human IgM remain exposed to the surface,
stack onto each other, and form extended hydrophobic patches ', while 1567 in mice causes

severe disruption of oligomerization when mutated .

7.4.5 Cpdtp as hexamerization aid

As described above, IgA also contains a short C-terminal peptide extension with high
sequence similarity to the IgM tp, including patches of hydrophobic residues and the
presence of a cysteine residue in the penultimate position. Analogous to the function of the
tailpiece in IgM, the IgA tp also drives the oligomerization of IgA*.

Fusion of the Cp4 tailpiece to the C-terminus of IgG was reported to promote spontaneous IgG
hexamer formation and recruitment of Clq, the first subcomponent of the classical pathway
of complement activation. This resulted in increased complement-dependent cytotoxicity
and off-target complement activation. Replacement of the penultimate cysteine in position
C575 with a serine residue prevented spontaneous complement formation and facilitated
reversible, concentration-dependent hexamer formation. The C575S-mutant displayed
increased complement activation only after target binding, highlighting the potential uses of
tail-piece mutants in fusion constructs and antibody engineering'*.

Another fascinating use of Cu4tp hexamerization is in the design of fusion constructs for the

neutralization of viral proteins. Svilenov et al. used this strategy to develop polymeric ACE2-
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lgM-Fc fusion constructs for neutralization of SARS-CoV-2 variants, that displayed vastly

improved potency compared to monomeric ACE2-IgM-Fc .

7.5 Antibody Glycosylation

7.5.1 Antibody glycosylation

All human immunoglobulins are glycoproteins. Glycans help to improve the stability** and
solubility of the attached antibody **', assist in folding’®*" maintaining the structure'#®¢
improve binding to Fc receptors*® and lectins™, transport, secretion, and clearance®.
Correct, non-immunogenic Fc glycosylation is essential in producing therapeutic antibodies,
with antibodies produced in plant and animal cell culture expression systems suffering from
reduced effector functions due to differences in glycan structures™. Significant effort has
been put into the development of technologies for the production of fully humanized
antibody therapeutics, including humanized mammalian cell culture systems®*? yeast
expression systems expressing human glycosylation enzymes™** and plant-based
expression systems with modified trafficking systems aimed at avoiding plant-specific
glycosylation in the Golgi*>**>>*,

Naturally occurring glycoproteins are generally highly heterogeneous, with distinct
glycoforms at the same position of a given protein **"**°. The controlled production of proteins
carrying fully defined glycan structures is an ongoing challenge discussed in chapter 7.6.6.
Natural N-glycosylation of antibodies is initiated in the lumen of the endoplasmatic reticulum
(ER), where an oligosaccharide transferase co-translationally transfers a preassembled N-

glycan structure consisting of fourteen sugar residues (Glc3Man9GIcNAc2, Figure 11) from
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dolichol pyrophosphate to the asparagine residue of the N-linked glycosylation consensus
sequence Asn-X-Ser/Thr, where X is any amino acid except proline. The tetradeca
oligosaccharide is then trimmed through sequential hydrolytic cleavage of the glucose
residues by glucosidases | and Il in ER, which assists in chaperone-assisted protein folding.
Before leaving the ER, the glycan is subjected to ER mannosidase I, which results in a
Man8GIcNAc2 precursor. The antibody is then translocated into the Golgi, where it is further

trimmed and remodelled!#16°,

. Glc ‘ Man - GlcNAc

Figure 11: Schematic structure of Glc3Man9GIcNAC2.

The final glycans are classified into three types: mannose-rich, hybrid, and complex.
Oligomannose glycans contain between five to nine branching mannose residues that are not
further modified. Complex glycans cover a large variety of branched structures that
dramatically exceed the high mannose oligosaccharide in complexity. They contain a core
structure consisting of GIcNAc2Man3GIcNAc2 and various additional sugar residues such as

galactose, fucose, and sialic acid*&*>"1,
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The glycans on immunoglobulins show significant variability in the amount and position of N-
linked glycosylation sites, ranging from two to fourteen percent of the total molecular weight
of the heavy chain being contributed by glycosylation depending on the isotype®. In
contrast, light chains do not appear to contain conserved glycosylation sites™
Oligosaccharides attached to immunoglobulins are generally large, approximately 2 kDa

each?.

7.5.2 IgM glycosylation

lgM contains three N-linked glycosylation sites for complex glycans in positions Asn171 (Cpl),
Asn332 (Cu2), and Asn395 (Cu3), as well as two glycosylation sites for oligomannose glycans in
positions Asn402 (Cu3) and Asn563 (tp)>>*+1%2 The J chain also contains an N-linked glycan at
position Asn71%:% These glycosylation sites are occupied at different frequencies, with
Asn402 and Asn563 in human serum being occupied at 100% and 17%, respectively, and only
20% of serum IgM binding to mannan-binding lectin, which binds oligomannose and GlcNAc-
terminating structures ***. The glycosylation site formed by Asn563 and Ser565 appears to be
essential in preventing IgM aggregations ', as mouse N563A and S565 mutants lacking glycan
moieties are secreted as hexamers and higher MW species 762,

Sialylated N-linked glycans induce internalization of IgM in T cells, which significantly inhibits
T cell responses. In contrast, in the absence of sialic acid, T-cell responses are not deterred,
indicating significant contributions of IgM to the regulation of T-cell-mediated immune
responses*®. This motivated us to explore semisynthetic strategies for the creation of

glycosylated IgM Cp4 variants.
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A)

Figure 12: A) Cryo-EM structure of IgM pentamer (grey with an individual u-chain highlighted in red) with J-chain
(green) and B) detailed view of the tailpiece assembly, including N-acetylglucosamine (GIcNAc, depicted in blue)

attached to Asn563 (PDB [D: 6KXS)* 114140,

7.6 Methodological considerations regarding the semisynthesis of Cudtp

The study of structure-function relationships in proteins often requires the controlled
modification of these proteins. This is especially true for posttranslational modifications
(PTM), such as glycosylations, that are highly heterogenic in their naturally occurring forms.
These PTMs massively diversify the human proteome beyond what is encoded in the human

genome and can have dramatic effects on the behavior of proteins both in vivo and in vitro®®.

7.6.1 Overview of protein modification strategies
Site-directed mutagenesis is a powerful tool for the modification of proteins and the
investigation of structure-function relationships. However, its scope is limited to naturally

occurring amino acids, preventing the introduction of chemical functionality not genetically
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encoded in nature’®. Extending the genetic code via synthetic biology facilitates the
incorporation of non-canonical amino acids but must overcome several challenges related to
the cellular synthesis machinery*,

Direct chemical modification of cysteine or other reactive amino acid sidechains in proteins
has widely been used to add additional functionality. Still, achieving selectivity when using
direct chemical modification methods remains challenging'™.

The chemical synthesis of peptides and using naturally-occurring and non-naturally occurring
amino acids provides excellent flexibility in modifying side chains and altering the chemistry
and chirality of the peptide backbone!™. Controlled production of glycosylated proteins
requires the use of glycosylated building blocks during synthesis, chemo enzymatic synthesis,
modification of the cellular synthesis apparatus in yeast, or enzymatic remodeling of
recombinantly expressed glycoproteins'*™ and is discussed in detail later in this chapter

(sections 7.6.6 and 7.6.7).

7.6.2 Solid phase peptide synthesis — history and limitations

The chemical synthesis of peptides was first performed at the beginning of the 20" century by
Emil Fisher!®. However, the scope of this method was very limited until the further
development of protection group strategies. In 1932, Bergmann and Zervas introduced the
first urethane-protecting group for the a-amino group, allowing for the almost racemization-
free synthesis of short peptides via solution-phase synthesis®. The development of solid-

phase peptide synthesis (SPPS) by Robert Bruce Merrifield in 1963 enabled dramatically easier
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and faster synthesis of longer peptides'”. Further, iterative improvements to this
methodology resulted in the development of automated SPPS*™.

However, the total length of peptides produced via SPPS is limited by the reaction yields of
each amino acid coupling, the tendency of growing peptide chains to aggregate, and the
challenges in purifying the final product from side products accumulated during synthesis'”.
Modern methods such as SPPS at elevated temperatures and flow synthesis allow the
production of impressively long peptides of over 100 amino acids but are not yet cost-

effective at scale'®.

7.6.3 Native chemical ligation

A practical alternative to synthesizing longer and, thus, more challenging peptide sequences
is the assembly of large peptides and small proteins from smaller synthetic peptides. Several
methods developed for this purpose introduce non-native peptide backbones, which limit the
application of the produced proteins. This was overcome by introducing native chemical
ligation (NCL) in 1994 by Phil Dawson et al.”®!. Today, NCL is a frequently used method for
joining peptide segments. It requires a C-terminal thioester at the N-terminal segment and an
N-terminal cysteine on the C-terminal segment. The reaction itself is characterized by a
transthioesterification step, in which the thiol moiety of the cysteine attacks the carbonyl
group of the thioester, followed by an S>N-acyl shift, resulting in a native amide bond (Figure

13). Typically, NCL is carried out at neutral pH using thiols as ligation mediators.
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Figure 13: Native chemical ligation (NCL), schematic overview.

Despite the above-described advances in SPPS and impressive achievements in the total
synthesis of proteins from SPPS-derived segments via NCL, larger proteins requiring multiple
consecutive ligation steps are still largely inaccessible via this strategy*®***. A solution to this

problem is protein semisynthesis.

7.6.4 Protein semisynthesis

Protein semisynthesis is a group of strategies and methods that combine the controlled
introduction of non-canonical amino acids during SPPS with the advantages in size and scale
of the ribosomal protein synthesis machinery¢61821818 \When NCL is used to ligate a synthetic

peptide to an expressed protein, instead of ligating two synthetic segments, it is referred to as
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expressed protein ligation (EPL)*. This requires the production of proteins carrying C-
terminal thioesters. This is solved by creating and expressing intein fusion constructs. Inteins
are sequences that catalyze their own excision from a peptide sequence. They often serve a
posttranslational regulatory function in responding to environmental conditions. The
sequences flanking the intein at its N- and C-terminus are referred to as N- and C-extein.
During cleavage, a nucleophilic amino acid (commonly a cysteine or serine) at the N-terminal
end of the intein attacks the amide bond between itself and the last amino acid of the N-
extein, forming a (thio)ester. This thioester is then attacked by a nucleophilic amino acid
located at the N-terminus of the C-extein, resulting in the excision of the intein via the
formation of another (thio)ester. Finally, an S->N-acyl shift forms a native amide bond
between the N- and C-exteins.

By mutating the intein C-terminus and the nucleophile at the N-terminus of the C-extein to
less reactive amino acids, this cleavage can be arrested after the initial thioester formation.
The addition of thiols, such as Mesna in an aqueous environment, can then be used to initiate
a N-terminal cleavage, leaving behind the protein of interest (as N-extein) carrying a C-
terminal thioester, which can be used as starting material for expressed protein ligation

(Flgu re l4> 182,187,188.
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Figure 14: Intein cleavage for expressed protein ligation.

It is also possible to perform EPL with a synthetic N-terminal segment and a recombinantly
expressed C-terminal segment. This requires the use of thioester precursors, such as 3,4-

diaminobenzoic acid (Dbz)**® or hydrazide'® during SPPS **.

7.6.5 Photo-affinity labelling

Photoaffinity labelling (PAL), sometimes referred to as photocrosslinking, is a powerful tool for
investigating protein-protein interactions*”. It relies on the ability of photocrosslinking
functional groups to form highly reactive species upon photoirradiation. These highly reactive
species quickly form covalent bonds with adjacent molecules, thus allowing for the

microenvironment mapping around the photocrosslinker in a spacio-temporal manner*®.
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PAL was first developed by the research group of Westheimer in 1962'. Since then, various
photocrosslinkers have been developed based on aryl azide, benzophenone, and
diazarine'®. We chose p-benzoyl-L-phenlyalanine (Bpa) (Figure 15 A) for this work, as it is
relatively resistant to ambient light. It can also be incorporated into proteins using codon
suppression, as demonstrated by Chin et al.*****", and is commercially available as a building

block for Fmoc SPPS (Figure 15 B).

A) o B) 0

oC = 0
I |
0

OH Q OJ'I\N OH

O

0 o '
Bpa

Figure 15: Bpa (p-Benzoyl phenylalanine) (A), and Fmoc-Bpa building block for SPPS (B).

Upon irradiation with UV light at approximately 360 nm, Bpa forms covalent bonds with

nearby molecules, such as other proteins, through a radical mechanism depicted in Figure 16.
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Figure 16: p-Benzoylphenylalanine photocrosslinking reaction*®.

7.6.6 Glycosylation in protein semisynthesis

The production of homogenously glycosylated proteins is a significant challenge in academia
and industry "™ Recombinantly expressed glycoproteins are often highly heterogenous in
their glycosylation pattern and thus only of limited use when investigating the structure-
activity relationship of specific glycans. While chemoselective modification of peptides and
proteins with glycans is possible when targeting rarely occurring amino acids'®, these
strategies often result in heterogenous products and often have to rely on the
microenvironment around specific residues to achieve a higher level of selectivity. Elaborate
protection strategies, such as the insertion of non-canonical amino acids or entire motifs and
tags for subsequent biorthogonal reactions, have been developed to minimize these side

reactions. However, these are often time and resource-intensive 1#2%, Additionally, when used
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for coupling larger oligosaccharides, this strategy suffers from steric hindrance between the
glycan and the peptide side chains, resulting in low efficiency*"-%,

Semisynthetic strategies are, therefore, often used for the controlled introduction of glycans
into proteins. During SPPS, glycosylated amino acids can be used as a building block, some of
which, such as Fmoc-L-Asn((Ac)3-B-D-GIcNAc)-OH, are commercially available. These
glycosylated segments can be joined via conventional NCL or EPL 127183202,

Alternatively, non-natural amino acids carrying functionalized sidechains can be introduced
via SPPS or genetic code expansion *®. These then allow for the site-directed introduction of
additional modifications, including glycans. A prime example of this are amino acids carrying
azides to facilitate click reactions with carbohydrates containing alkynes #**. A downside of
this otherwise elegant method is the formation of a non-native linkage between the protein
and the carbohydrate structure.

A group of strategies to produce homogenously glycosylated proteins that do not require
complex protecting group methods and produce native linkage are so-called
chemoenzymatic synthesis strategies'®t*2%>207 These rely on enzymes such as
glycosyltransferases for the transfer of glycans to the target protein 2%, and endo- and exo-
glycosidases for the remodeling of existing glycan structures ?*#!1, The latter can also be used
to trim heterogenous glycosylation patterns on a protein down to a homogenous core.
Enzymatic transfer of predefined glycan structures to a target protein has become a well-
established strategy for generating glycosylated proteins via in vitro glycoengineering .
These structures can be produced either synthetically or chemo enzymatically 2720842214 or

they can beisolated from nature.
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7.6.7 Sialylglycopeptide as a glycan donor

Sialylglycopeptide (SGP) is a hexapeptide carrying a complex bi-antennary N-glycan. Because
of its homogenous glycosylation SGP has seen extensive use as a glycan donor in protein
semisynthesis 2. SGP can be found in hen’s egg yolk **. Since 1997, various protocols for the
isolation of SGP have been developed 206215218,

Endo-B-N-acetylglucosaminidases catalyze the hydrolysis of N-linked oligosaccharides at the
B-1,4-glycosidic bond between two GIcNAcs and are sometimes able to efficiently transfer the
cleaved glycan structure to an Asn-GlcNAc located in another peptide or protein. A mutant of
one of these enzymes from coprinopsis cinereal, endo-CC1 N180H, displays high
transglycosylation activity of human sialated and not sialated complex human
oligosaccharides with significantly reduced hydrolase activity #°. This makes Endo-CC N180H
an excellent glycosyltransferase for use in protein semisynthesis, as the enzyme is capable of
transferring glycans from SGP to a broad range of acceptors, including monosaccharides and

antibodies containing a 1,3-diol structure (Figure 17) .
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Glycosyltransferase
endo-CC N180H

Figure 17: direct transfer of the glycan from sialylglycopeptide to AsnGIcNAc by endo-CC N18OH.
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7.7 Aim

This thesis aimed to generate new insights into the underlying molecular mechanisms of IgM
assembly through design, synthesis, and characterization of novel semisynthetic Cup4tp
variants. To accomplish this goal, we set out to engineer Cu4tp variants incorporating Bpa
substitutions in various positions in the tailpiece. These would then be subjected to refolding
and oligomerization experiments by our collaboration partners at the Technical University of
Munich, aiming to identify yet unknown interaction sites before, during and after IgM
assembly.

Furthermore, we aimed to design and produce semisynthetic Cu4tp variants containing
modifications at the Asn563/S565 N-linked glycosylation consensus motif, including a variant
incorporating an Asn-GlcNAc building block. This GIcNAc would then serve as acceptor for the
enzymatic transfer of larger glycan structures derived from SGP onto Cp4tp. Through this we
wanted to generate new insights into the impact of Cu4dtp glycosylation on IgM folding and
oligomerization and provide a starting point for future semisynthetic synthesis strategies for
lgM glycosylation.

Beyond the scope of this thesis, we hope to contribute to opening IgM oligomers for rational-
driven design approaches regarding stability, binding properties, oligomer composition, and

posttranslational modifications.
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8 Materials and Methods

8.1 Production of N-terminal Cudtp segments via protein expression

8.1.1 Protein expression

Cu4-Intein fusion constructs were expressed from a modified pTXB1 Amp® vector containing a
His7 tag between the Mxelnteine and the CBD provided by Dr. Alexander Kravchuk. The Cu4
DNA sequence information for both constructs was provided by Benedikt Weber of the
research group of Johannes Buchner at the Technical University of Munich and ordered from
EurofinsGenomics. These DNA sequences were in corporated into the pTXB1 vector using a
Ndell and a Spel restriction site. The exact sequence of the constructs is shown in the
appendix (section 12.1).

Expressions were performed as follows: A 5 L Erlenmeyer flask containing 2 liters of LB media
(10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, 100 pg/L ampicillin) was inoculated with an
over-night culture of BL21(DE3)Gold carrying pTXB1- Cu4-1-91-Mxe-H7-CBD or pTXB1- Cu4-1-
108-Mxe-H7-CBD. The flask was incubated at 37°C with agitation. The expression was induced
by adding IPTG to a final concentration of 1 uM at an ODgy of approximately 0.6. Samples
were taken at multiple time points and analyzed via SDS-PAGE (see section 8.6.1).

Bacterial cells were harvested via centrifugation at 12,000 xg for 10 min at 4°C. The cells in the
solubilized pellet were lysed via physical disruption using either one of two protocols:
Bacterial cell lysis via high-pressure disruption (section 8.1.2) or Bacterial cell lysis via

sonication (section 8.1.3).
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8.1.2 Bacterial cell lysis via high-pressure disruption

Bacterial cells were disrupted using a Constant Systems CF1 Cell Disruptor system. Before
lysis, bacterial cells were homogenized via stirring in approximately 50 mL PBS per L of
expression media at 4°C. Disruption was performed at 4°C at a pressure of 1.9 kbar. All

samples were run through the machine thrice to ensure complete lysis.

8.1.3 Bacterial cell lysis via sonication

Bacterial cells were lysed using a Fisherbrand Model 505 Sonic Dismembrator ystem. Before
lysis, bacterial cells were homogenized via stirring in approximately 50 mL PBS per L of
expression media at 4°C. All samples were sonicated for a total duration of 10 min at 4°C with
a pulse length of 15 seconds at 60% amplitude. Pulses were separated by 45 second cooling

intervals to prevent the samples from overheating.

8.1.4 Workup of bacterial cells after lysis

Bacterial cells that had undergone lysis, as described in section 8.1.2 and section 8.1.3, were
centrifuged at 58,000 xg and 4°C for 45 min. The resulting pellets were initially washed twice
with 1% Triton X-100 in PBS and once with PBS. The wash with Triton X-100 was skipped
during later expressions, as this resulted in significant contamination of the samples with PEG.
The pellets were then homogenized in 10 mL solubilization buffer (6M Gdn.HCl, 100 mM
Tris.HCl, 30 mM 2-mercaptoethanol, 20 mM imidazole, 10 mM dithiothreitol, pH 7.5) per L of
expression media at room temperature overnight. The suspension was centrifuged at 58,000

xg for 30 min. The supernatant was subjected to either affinity column purification (see
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section 8.1.5) followed by dialysis of the expressed protein solutions or directly dialyzed (see

section 8.1.6).

8.1.5 Affinity column purification

Samples were purified via Cytiva HisTrap HP NiNTA affinity columns on AKTAprime plus
systems. Samples were loaded after 1:1 dilution in loading buffer (6 M Gdn.HCI, 100 mM Tris,
20 mM imidazole, pH 7.5). The column was then washed with 10 column volumes of loading
buffer before the proteins of interest were eluted using elution buffer (6 M Gdn.HCl, 100 mM
Tris, 500 mM imidazole, pH 7.5). Samples were gathered in 5 mL fractions at a 5 mL/min flow

rate and analyzed via SDS-PAGE (see section 8.6.1).

8.1.6 Dialysis of expressed protein solutions

Protein solutions from section 8.1.4 and section 8.1.5 were subjected to dialysis. Up to 50 mL
of protein solution were dialyzed twice against 1 L of the following buffer: 4 M urea, 2 mM
EDTA, 100 mM Tris, pH 7.1 at 4°C for at least 3 h. Precipitation, when occurring, was removed
via centrifugation at 4,000 xg for 10 min. All samples then underwent Intein cleavage using

Mesna (see section 8.1.7).

8.1.7 Intein cleavage using Mesna

All intein cleavages were performed by adding 1 M aqueous MesNa solution, pH 7.4, to the
samples at a 1:1 ratio, resulting in a final concentration of 0.5 M MesNa, 2 M urea, 50 mM
Tris.HCl, and 2 mM EDTA. The pH of the solution was then checked and if necessary adjusted

to 7.4 via the addition of 1M sodium hydroxide solution. The reaction was incubated on a
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rotator at room temperature for 24 h. The final product was purified via preparative HPLC (see

section 8.1.8).

8.1.8 Thioester purification via preparative HPLC

Protein thioesters were purified via peak collection on preparative HPLC systems (Varian
ProStar HPLC System, Waters HPLC System (Waters 2545 Quarternary Gradient Module,
Waters 2489 UV-VIS Detector & Waters Fraction Collector Ill), Shimadzu Prominence (LC-20AP
Solvent Delivery Unit, SPD-10A UV-VIS Detector, FRC-10A Fraction Collector)) using a linear
gradient of 5-65% eluent A (H,0, 0.1% TFA to eluent B (ACN, 0.08% TFA) in 30 min at 60°C and
a flow rate of 10 ml/min on a Kromasil C4 columns (300- 10-C4, 250 x 21.2 mm, 10 um particle
size). The collected fractions were analyzed via MS direct injection on a Waters 3100 or SQ
Detector 2 single quadrupole mass spectrometry systems using electrospray ionization in
positive ion mode. Samples of sufficient purity containing the expected masses were then
pooled and lyophilized. Expected masses were calculated in ChemDraw Professional
(PerkinElmer Informatics). Mass spectra were deconvoluted using MagTran?! or MassLynx MS

Software.

8.1.9 Quality control of synthetic N-terminal Cudtp segments

The purity of N-terminal Cp4tp segments was analyzed via analytical HPLC (Thermo Fisher
Scientific Dionex and Vanquish systems) using a linear gradient of 5-65% eluent A (H,0, 0.1%
TFA) to eluent B (ACN, 0.08% TFA) in 30 min at a flow rate of 1 ml/min on Kromasil C4 columns
(300-5-C4, 150 x 4.6 mm, 5 um particle size) and MS direct injection on Waters 3100 or SQ

Detector 2 single quadrupole mass spectrometry systems using electrospray ionization in
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positive ion mode. Expected masses were calculated in ChemDraw Professional (PerkinElmer

Informatics).

8.2 Synthesis of C-terminal Cu4tp segments

8.2.1 Solid Phase Peptide Synthesis

All peptides were produced using either fluorenylmethyloxycarbonyl (Fmoc) or tert-
butyloxycarbonyl (Boc)-based SPPS. Different resins were used to create the synthetic Cp4tp
segments. Variants carrying C-terminal Bpa were synthesized using 2-Cholortrityl chloride and
Wang resins. Variants containing native C-terminal tyrosine were synthesized on preloaded

Fmoc-Tyr-Tentagel resin or Boc-Tyr(2-bromo-Z)-PAM 200-40 mesh.

8.2.1.1 Loading of 2-Chlorotrityl chloride resin

The loading of 2-Chlorotrityl chloride resin was performed according to manufacturer
guidelines??. The resin was swollen in dry DCM (10 ml/g resin) for 15 min. Excess DCM was
removed from the resin, and a solution of 1.2 eq amino acid and 2.5 eq DIPEA in DCM was
added. The mixture was incubated for at least 60 minutes at room temperature with agitation.
To cap unreacted remaining trityl groups, 1 ml of a methanol/DIPEA solution (5:1, V:V) were
added per gram of resin, and the mixture was agitated for 15 min. The solution was discarded,
the resin was washed at least five times with DCM and three times with methanol, and then
dried under reduced pressure.

The resin loading was estimated gravimetrically using Equation 1 (as per manufacturers
guidelines??) or photometrically as follows: Approximately 10 mg of dry resin were

deprotected with 1 mL 20% piperidine for 15 minutes. 50 plL of supernatant was then diluted
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with 950 pL of 20% piperidine, and the absorbance at 301 nm measured using a
spectrophotometer (Bormac Spectrophotometer UV-30). The resin loading was calculated
with Equation 2.

_ (m2-m1) x 1000
 (MWyge, — 36.46) X m2

Equation I: Gravimetric determination of resin loading

L (mmol) B A391 % 20,000
g ~ 7800 x m (mg)

Equation 2: Photometric determination of resin loading

8.2.1.2 Coupling of amino acids via Boc-SPPS

The coupling of amino acids via Boc-SPPS was performed as follows: The Boc protecting
group was removed by first rinsing the resin twice with TFA. The resin was then incubated
twice with five resin volumes of TFA for 1 minute. TFA was removed, and the resin washed ten
times with five resin volumes of DMF.

Coupling of the following amino acid was done using 10 equivalents excess of protected
amino acids, 9.8 equivalents of HBTU (0.5 M in DMF) and 9.8 equivalents of DIPEA. The
reaction was incubated for 15 minutes at room temperature. The resin was then washed ten
times with five resin volumes of DMF.

Upon completion of the peptide sequence, the N-terminal Boc protecting group was removed

by rinsing the resin twice with TFA. The resin was then incubated twice with five resin volumes
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of TFA for 1 minute. TFA was removed, and the resin washed ten times with five resin volumes
of DMF and five times with five resin volumes of DCM. Finally, the resin was dried under

reduced pressure®®.

8.2.1.3 Coupling of amino acids via Fmoc-SPPS

The coupling of amino acids to the growing peptide via Fmoc-SPPS was performed as follows:
The Fmoc protecting group was removed by adding five resin volumes of 20% piperidine in
DMF. The reaction was incubated at room temperature for 7 minutes. The solution was
removed, and the resin was incubated again in five resin volumes of 20% piperidine in DMF for
another 3 minutes. The solution was again removed, and the resin washed ten times with five
resin volumes of DMF.

Coupling of the next Fmoc-amino acid was performed using five eq. excess of protected
amino acids, 4.8 equivalents of HBTU (0.5 M in DMF) and 4.8 equivalents of DIPEA for a
duration of 30 min at room temperature. The resin was then washed ten times with five resin
volumes DMF.

Upon completion of the peptide sequence, the N-terminal Fmoc protecting group was
removed by adding five resin volumes of 20% piperidine in DMF. The reaction was incubated
at room temperature for 7 minutes. The solution was removed, and the resin incubated in five
resin volumes of 20% piperidine in DMF for another 3 minutes. The resin was washed ten
times with five resin volumes of DMF and five times with five resin volumes DCM. Finally, the

resin was dried under reduced pressure.
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8.2.1.4 Automated Fmoc-SPPS

Automated synthesis of peptides was performed using Liberty Blue and Liberty Prime
synthesizers (CEM) according to the manufacturer’s guidelines. Fmoc-deprotection was
performed using 20% piperidine in DMF at 90°C for 1 minute. Amino acids were activated with
5 equivalents of oxyma and 10 equivalents of DIC and coupled at 90°C for 2 minutes, except
for His(trt) coupling on Liberty Blue at 50°C for 10 minutes. The flowing pseudo-proline
dipeptides were used for automated synthesis: Thr-Gly, Arg-Thr, Val-Ser, and Asp Thr. After the
final deprotection step, the resin was removed from the synthesizer and washed manually, as

described above (section 8.2.1.3).

8.2.1.5 Peptide cleavage from resin

Peptides produced via Fmoc SPPS were cleaved off the resin via treatment with TFA : H,0 :
TIPS :EDT (92.5:2.5:2.5:2.5) or TFA: H,O : TIPS : DMS (92.5:2.5:2.5:2.5) for at least 3 h?*.
Crude peptides were precipitated via addition of five volumes of ice-cold Et,O per volume of
cleavage cocktail and centrifuged at 3,000 xg for 10 minutes. The precipitate was washed with
ice-cold Et,0. The remaining Et,O was evaporated at room temperature before the pellets
were dissolved in 50% ACN in H,O containing 0.1% TFA, and lyophilized.

Peptides produced via Boc SPPS were cleaved off the resin following an HF cleavage protocol
by the resin manufacturer??. At this point we would like to emphasize that HF is an extremely
toxic, corrosive, and volatile substance and must only be handled with the utmost care
following rigorous serious safety precautions. The cleavage was performed via treatment of

the resin with 10 mL of hydrofluoric acid and 1 mL of p-Cresol per g of resin at 0°C for 1 h.
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Afterward, the remaining HF was evaporated under a stream nitrogen. The resin was extracted
from the matrix with TFA and precipitated with 10 volumes of ice-cold Et,0. The remaining
Ft,0 was evaporated at room temperature before the pellets were dissolved in 50% ACN in

H,O containing 0.1% TFA and lyophilized.

8.2.2 Removal of acetyl protecting groups from GlcNAc modified peptides

Peptides containing an AsnGlcNAc building block had to undergo an additional deprotection
protocol. This was necessary, as the acetyl groups protecting the hydroxy groups of the Asn-
GlcNAc building block are not removed during TFA cleavage. This Ac deprotection was
achieved by dissolving the peptide in MeOH and adding 0.08 M NaOCHs. The reaction was
incubated at room temperature under agitation and quenched by adding 1/6 reaction
volume acetic acid. The reaction was then diluted with mixture of 80% solent A (0.1% TFA in
H,0) and 20% solvent B (0.08% TFA in ACN) and purified via HPLC (section 8.2.3).

This protocol was later switched to a simplified version: We incubated the peptide at pH 11 for
2 h at room temperature. The reaction was then diluted with mixture of 80% solent A (0.1%

TFAin H,0) and 20% solvent B (0.08% TFA in ACN) and purified via HPLC (section 8.2.3).

8.2.3 Peptide purification via preparative HPLC

All peptides were purified via peak collection on preparative HPLC systems (Varian ProStar
HPLC System, Waters HPLC System (Waters 2545 Quarternary Gradient Module, Waters 2489
UV-VIS Detector & Waters Fraction Collector ), Shimadzu Prominence (LC-20AP Solvent
Delivery Unit, SPD-10A UV-VIS Detector, FRC-10A Fraction Collector)) using, unless stated

otherwise, a linear gradient of 5-65% eluent A (H,0, 0.1% TFA) to eluent B (ACN, 0.08% TFA) in
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30 min at a flow rate of 10 ml/min on a Kromasil C4 column (300- 10-C4, 250 x 21.2 mm, 10 um
particle size). The collected fractions were analyzed via MS direct injection on Waters 3100 or
SQ Detector 2 single quadrupole mass spectrometry systems using electrospray ionization in
positive ion mode. Samples of sufficient purity containing the expected masses were then
pooled and lyophilized. Expected masses were calculated in ChemDraw Professional
(PerkinElmer Informatics). Mass spectra were deconvoluted using MagTran?! or MassLynx MS

software.

8.2.4 Quality control of synthetic C-terminal Cudtp segments

The purity of C-terminal Cu4tp segments was analyzed via analytical HPLC (Thermo Fisher
Scientific Dionex and Vanquish systems) using a linear gradient of 5-65% eluent A (H,0, 0.1%
TFA) to eluent B (0.08% TFA in ACN) in 30 min at a flow rate of 1 ml/min on Kromasil C4
column (300-5-C4, 150 x 4.6 mm, 5 um particle size) and MS direct injection on Waters 3100 or
SQ Detector 2 single quadrupole mass spectrometry systems using electrospray ionization in
positive ion mode. Expected masses were calculated in ChemDraw Professional (PerkinElmer

Informatics). Mass spectra were deconvoluted using MagTran?* or MassLynx MS software.

8.3 Ligation of Cudtp segments

8.3.1 Native chemical ligation
Ligations of synthetic Cp4tp segments (Cudtp 92-132, see section 8.2) to expressed Cp4tp

thioester segments (Cu4tp 1-91, see section 8.1) were performed as described previously

181,182,226
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Gdn.HCl (6 M), MPAA (200 mM), and a small amount of TCEP (0.1 mM) were dissolved in 300
mM Sodium Phosphate buffer, pH 7.2. The solution was degassed using purging with argon
for approximately 10 min. The peptide was dissolved in the degassed solution before adding
the thioester segment. After addition of the thioester, the pH of the solution was readjusted to
7.2 with 1M NaOH if necessary. Both peptide and thioester were added at a concentration of
10 mg/ml. This ratio of 2.2 mM peptide to 1 mM thioester was chosen to minimize the
hydrolysis of the thioester.

The reaction was incubated at room temperature for 24 h under agitation on a rotator and
regularly monitored via LCMS (section 8.3.2). The reaction samples and the reaction itself
were quenched by diluting the reaction in 6 M Gdn.HCl containing 20% 2-mercaptoethanol at

a ratio of 1:5.

8.3.2 Reaction monitoring

Progress of the NCL reaction was monitored on a Waters Auto Purification HPLC/MS system
(equipped with 3100 Mass Detector, 2545 Binary Gradient Module, 2767 Sample Manager and
2489 UV/Visible Detector) using electrospray ionization in positive ion mode. The reaction
samples were quenched by diluting them in 4.8M Gdn.HCl containing 20% 2-mercaptoethanol
at a ratio of 1:5. The diluted samples were analyzed using a linear gradient of 5-65% eluent A
(0.1% TFA in H,0) to eluent B (0.08% formic acid in ACN) in 12 min at a flow rate of 1 ml/min
on a Kromasil C4 column (300-5-C4, 150 x 4.6 mm, 5 um particle size). Expected masses were
calculated in ChemDraw Professional (PerkinElmer Informatics). Mass spectra were

deconvoluted using MagTran®*! or MassLynx MS software.
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8.3.3 Purification of semisynthetic Cudtp variants

Cu4tp variants were purified immediately after ligation. To remove 2-mercaptoethanol
adducts, a small amount of TCEP (0.1 mM) was added to the reaction and incubated for 20
min.

The Cp4tp variants were purified via peak collection on HPLC systems (Varian ProStar HPLC
System, Waters Purification HPLC system (Waters 2545 Quarternary Gradient Module, Waters
2489 UV-VIS Detector & Waters Fraction Collector Ill), Shimadzu Prominence (LC-20AP Solvent
Delivery Unit, SPD-10A UV-VIS Detector, FRC-10A Fraction Collector)) using a linear gradient of
25-55% eluent A (0.1% TFA in H,0) to eluent B (0.08% TFA in ACN) in 60 min at a flow rate of 10
ml/min on Kromasil C4 columns (300-10-C4, 250 x 10 mm, 10 um particle size) C4 columns.
Maximum loading did not exceed 10 mg. Ligations on a larger scale were purified over
multiple runs. The collected fractions were analyzed via MS direct injection on Waters 3100 or
SQ Detector 2 single quadrupole mass spectrometry systems using electrospray ionization in
positive ion mode. Expected masses were calculated in ChemDraw Professional (PerkinElmer
Informatics). Mass spectra were deconvoluted using MagTran®! or MassLynx MS software.
Samples of sufficient purity containing the expected masses were then pooled and

lyophilized.

8.3.4 Quality control of Cudtp variants
The purity of Cu4tp variants was analyzed via analytical HPLC (Thermo Fisher Scientific
Dionex and Vanquish systems) using a linear gradient of 5-65% eluent A (0.1% TFA in H,0) to

eluent B (0.08% TFA in ACN) in 30 min at a flow rate of 1 ml/min on Kromasil C4 columns (300-
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5-C4, 150 x 4.6 mm, 5 um particle size) and MS direct injection on Waters 3100 or SQ Detector
2 single quadrupole mass spectrometry systems using electrospray ionization in positive ion
mode. Expected masses were calculated in ChemDraw Professional (PerkinElmer

Informatics). Mass spectra were deconvoluted using MagTran?* or MassLynx MS software.

8.4 Isolation of sialylglycopeptide from egg yolk

Production of SGP as glycan donor was performed and optimized following two different

protocols inspired by Sun et al.#” and Alagesan et al.?*.

8.4.1 Initial SGP isolation from whole eggs

Our initial protocol used for SGP isolation was established by Alanca Schmid?® based on
earlier work by Binyang Sun et al.#’. It starts with whole eggs and contains multiple column-
based purification steps, limiting its throughput. This protocol then proceeds to trim the
glycan of SGP. The purification and activation of this isolated glycan require additional time-
consuming steps, further limiting the throughput. Hence, changes were made, resulting in the

updated SGP isolation protocol described in section 8.4.2.

8.4.1.1 SGP extraction vig acetone

Crude SGP extracts from whole eggs were generated as follows: Thirty egg yolks were
manually separated from their egg whites, stirred with 100 mL ddH,O, and lyophilized,
creating egg yolk powder. This powder was then generously washed once with 1300 mL and
twice with 500 mL diethyl ether over a paper filter. The egg yolk was stirred twice in 300 mL
70% acetone for an hour before removal of the solvent through filtration over a paper filter.

The egg yolk was then stirred thrice in 400 mL 40% acetone for 15 min, and the solvent was
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collected via filtration through a bottle top filter (Steritop MILIPORE Express PLUS, PES
membrane 0.2 pm). The volume of the filtrate was reduced on a rotavapor and lyophilized,

yielding approximately 2.5 g of crude extract.

8.4.1.2 SGP purification via carbon/celite column

Purification of crude SGP after acetone extraction was performed in crude SGP batches of 500
mg each as follows: 10 g activated charcoal and 5 g celite were mixed with ddH,O and
transferred into a 20 mL plastic syringe containing a filter pad. 500 mg of crude SGP were
loaded onto the column. The open syringe was placed on top of a vacuum chamber to
increase flow rates under suction. The column was washed with increasing concentrations of
ACN in ddH,0 containing 0.1% TFA ranging from 0% to 40%.

All fractions were lyophilized and analyzed with analytical HPLC. In brief, ~0.5 mg material was
analyzed with a linear gradient of 2-5% eluent A (0.1% TFA in H,0) to eluent B (0.08% TFA in
ACN) in 30 min at a flow rate of 1 ml/min on a Kromasil C18 column (300-5-C18, 150 x 4.6 mm,
5 um particle size). Fractions with no peaks after the 15 min mark were pooled and

lyophilized.

8.4.1.3 SGP purification vig size exclusion

The SGP was then further purified via size exclusion chromatography (SEC). SGP was loaded
onto a PD10 column (GE Healthcare, Germany) using 0.1M acetic acid in H,O as an eluent.
Samples were collected in 0.5 mL fractions and analyzed via analytical HPLC, as described

above (section 8.4.1.2). Fractions containing SGP were pooled and lyophilized.
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8.4.1.4 SGPtrimming and cleavage

The glycan from SGP was enzymatically removed and trimmed down to a tetrasaccharide via
the following protocol: Three different enzymes were used in sequence: B-Galactosidase and
B-N-Acetylglucosaminidase for the trimming of SGP and Endoglycosidase for the cleavages of
the glycan from SGP. This yields a GIcNAcMan; tetrasaccharide and a hexapeptide carrying a
GlcNAc on Asn4.

SGP was dissolved in trimming buffer | (0.1M sodium acetate, 0.5 mg/mL BSA, pH 4.5), and 50
ul B-Galactosidase (Megazyme) were added. The reaction was incubated at 40°C for 1h under
agitation. The product was purified via SEC using a PD-10 column as described above and
lyophilized.

The SGP was then dissolved in 1.5 ml trimming buffer Il (50 mM citric acid, 100 mM sodium
chloride, 0.1 mg/ml BSA, pH 5), and 10 pl B-N-Acetylglucosaminidase from Canavalia
ensiformis (Sigma Aldrich) were added to the solution. The reaction was incubated overnight
at 25°C. Then 400 pl Endoglycosidase solution (endo A from arthobacter protophormiae,
0.0025 pmol/pl) was added, and the reaction was incubated for 2 h at 40°C. The volume was
then reduced via freeze drying, and the glycan was purified via Hydrophilic Interaction

Chromatography (HILIC) (section 8.4.1.5).

8.4.1.5 Glycan purification vig HILIC

Glycans derived from SGP were purified via peak collection on an analytical HPLC system
(Thermo Fisher Scientific Dionex) using a linear gradient of 2-5% eluent A (95% ACN, 5% H,0,

10 mM NH40AC) to eluent B (10 mM NH4OAC in H,0) in 10 min at a flow rate of 1 ml/ min on a
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HILIC column (ACCUCORE 150-Amide-HILIC,2.6um 150X4.6m). A charged aerosol detector
(CAD, Dionex Corona ultra RS) was used for detection of glycans. Maximum loading did not
exceed 1 mg. Fractions were collected under the same conditions without use of the CAD, as
the CAD requires the system to be under nitrogen which interferes with fraction collection.
The collected fractions were analyzed via MS direct injection on Waters 3100 or SQ Detector 2
single quadrupole mass spectrometry systems using electrospray ionization in positive ion
mode. Samples of sufficient purity containing the expected masses were then pooled and

lyophilized.

8.4.1.6 Glycan activation and transfer

The tetrasaccharide was activated as follows: 1 mg tetrasaccharide and 12 equivalents of
NasPO. were dissolved in 56 yL H,O and cooled to 0°C. 4.2 equivalents of 2-Chloro-1,3-
dimethyl-1H-benzimidazol-3-ium chloride (CDMBI) were added, and the reaction was stirred
for 2 h. The reaction was then centrifuged at 12,000 xg for 10 min.

The supernatant was transferred to a new microcentrifuge tube, and a peptide containing
AsnGIlcNAc was added at a ratio of 1:5 (peptide to tetrasaccharide). The pH was adjusted to
7.4, and 2 pl endo-cc N180H was added. The final concentrations of the reaction were 10 mM
Tris, 150 mM NaCl, 3.6 mM peptide, and 18 mM tetrasaccharide oxazoline. The reaction was
incubated with agitation at 30°C for 2 h. Samples were diluted in eluent A (ddH-0, 0.1% TFA)
and analyzed via analytical HPLC (Thermo Fisher Scientific Dionex and Vanquish systems)
using a linear gradient of 5-65% eluent A (H,0, 0.1% TFA (VWR, USA)) to eluent B (acetonitrile

(Merck, Germany), 0.08% TFA (VWR, USA)) in 30 min at a flow rate of 10 ml/min on a Kromasil
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(300-5-C4, 150 x 4.6 mm, 5 um particle size) C4 column and MS direct injection on Waters 3100
or SQ Detector 2 single quadrupole mass spectrometry systems using electrospray ionization
in positive ion mode. Expected masses were calculated in ChemDraw Professional

(PerkinElmer Informatics). Mass spectra were deconvoluted using MagTran®.

8.4.2 Updated SGP isolation protocols

A different approach inspired by Alagesan et al.*® was chosen to increase the yields of our
glycan production. The updated SGP isolation protocol starts with egg yolk power and relies
on both liquid and solid phase extraction methods that are not limited by column capacities.
This second protocol underwent several variations before we settled on a finalized version.

Further below, you will find more information about these variations.

8.4.2.1 SGP extraction via methanol and chloroform

SGP was isolated from egg yolk powder (Backstars, Germany) as follows: Egg yolk powder was
mixed with ddH,O at a 1:3 ratio (w/v) and stirred for at least 2 h or overnight at RT. Then 2
volumes of methanol (egg yolk powder w/v) were added, and the mixture was stirred for at
least 1 h at RT. Then the suspension was centrifuged at 3000 xg at 4°C for 5 min. The
supernatant was transferred to a new container. Chloroform was added to the supernatant at
a ratio of 25:1 (egg yolk w/v), and the mixture was stirred for 10 min. The mixture was then
centrifuged at 3000 xg at 4°C for 10 min. The volume of the aqueous phase was reduced using
a rotavapor and lyophilized. The crude SGP extracts were purified via carbon/celite solid

phase extraction.
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8.4.2.2 Purification option: size exclusion

1 g of crude SGP extract was dissolved in 100 mM ammonium acetate, pH 7, and purified via a
300 mm long Sephadex G50 (fine) column with 100 mM ammonium acetate as eluent.
Fractions were collected in 30-sec intervals and analyzed via MS direct injection into a Waters
3100 or SQ Detector 2 single quadrupole mass spectrometry systems using electrospray
ionization in positive ion mode. Fractions containing the expected mass were pooled and

lyophilized.

8.4.2.3 Purification option carbon/celite solid phase extraction

We eventually chose the purification of SGP via carbon/celite solid phase extraction over
purification via size exclusion. This extraction was performed as follows: Per g of crude SGP
extract, 10 g activated charcoal and 5 g celite were mixed with ddH,O. SGP was added, and
the mixture was stirred for 5 min. All liquid was removed via filtration with a bottle top filter
(Steritop MILIPORE Express PLUS, PES membrane 0.2 um) under reduced pressure. The solid
phase was extracted with incrementally increasing concentrations of ACN in ddH20
containing 0.1% TFA ranging from 0% to 40%. The liquid phase was collected via filtration
with a bottle top filter and analyzed via MS direct injection on a Waters 3100 or SQ Detector 2
single quadrupole mass spectrometry systems. Fractions containing the expected mass were

combined and lyophilized.

8.5 Transglycosylation of Cudtp with endo-cc N180H

Direct enzymatic transfers of a glycan from SGP to Cp4tp were performed analogously to

Manabe et al.??°. Cu4tp variants carrying the N119AsnGIlcNAc modification were dissolved in

84



Materials and Methods

DMSO at a ~ 0.2 mg/uL concentration. 50 to 100 equivalents of SGP were dissolved in 20 mM
Tris.HCl, pH 7.5, and added to the Cp4tp variants in DMSO. 1 pl endo-cc N180H solution was
added per 25 pl reaction mixture. After 24 hours, the reaction was diluted in 6M Gdn.HCl,

purified and analyzed using the same methods outlined in section 8.3.

8.6 Analytical and structural methods

8.6.1 SDS-PAGE
The SDS-PAGE protocol for this thesis was derived from works by Ulrich K. Laemmli**. Gels
were cast in multi-gel casting chambers. The composition of the stacking and separation gels

for 10 gels is shown in Table 1.

Table 1: Composition of stacking and separation gels for 15% SDS-PAGE

stacking gel separating gel

H.O 12.5ml 12.5ml
buffer ST 2.5ml

Buffer SE - 13.5ml
30% acrylamide 3.5ml 26 ml
10% SDS 185 pl 550 pl
109% APS 185 pl 550
TEMED 18 pl 18 pl

SDS-PAGE samples were combined with SDS-PAGE loading dye (500 mM Tris, 6% SDS, 35%

glycerin, 3.55% 2-mercaptoethanol, 0.05% bromophenol blue) at a 1:1 ratio and heated to
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95°C for approximately 5 min. A small amount of sample was then loaded on a 15% SDS-PAGE
gel. The gels were run for 35 min at a constant 230 V and stained via Coomassie blue staining
solution (0.1% Coomassie R250, 10% acetic acid, 45% methanol) for at least 1 h. Afterward,
gels were destained in a destaining solution (10% acetic acid, 40% methanol) for 30 min or
ddH.O water for at least three hours. Images of the gels were captured using a Biorad

ChemiDoc MP imaging system.

8.7 Folding of Cu4tp variants

Folding of Cp4tp variants was performed by Tuan Nguyen at the Technical University of
Munich, who kindly provided the following protocol:

The lyophilized Cuy4 domain was solubilized in PBS with 8 M Urea and 5 mM DTT and
incubated for 1 h at RT. Concentration of the protein was 0.5 mg/ml. Refolding of the
semisynthetic Cu4 domain was achieved by dialysis. The sample was filled into a 3.5 kDa
MWCO dialysis tube and dialysed against 1 L of the Cp4 refolding buffer for 3 h at 4 °C. The
dialysis tube was then transferred in 1 L of the Cu4 oxidizing buffer and incubated o/n at RT.
On the next day, the dialysis step was repeated o/n, after which the POl was dialysed against 1
L of the Cu4 native buffer and prepared for SEC. The protein sample was concentrated to a
final volume of 500 pL using an Amicon 3.5 MWCO centrifugation filter (Sigma Aldrich) and
injected into a Superdex 200 pg 10/300 GL column (Cytiva), which was preequilibrated in PBS.
The presence of the POl was followed through absorbance at 280 nm and checked on a non-

reducing 4-20 % SDS gel (SERVA).
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Table 2: Refolding and oxidation conditions

Cu4 native buffer, pH 7.4 PBS 1-fold
DTT 1 mM
EDTA 1 mM
Cu4 oxidizing buffer, pH 7.4: PBS 1-fold
Urea 1M
GSH 0.5mM
GSSG 4 mM
EDTA 1 mM
Cu4 refolding buffer, pH 7.4: PBS 1-fold
Urea 1M
DTT 1 mM
EDTA 1mM
PBS 1-fold, pH 7.4: NacCl 137 mM
KCl 2.7mM
Na,HPO, 10 mM
KH,PO4 2mMm

We used HPLC to estimate the size of single proteins or protein/protein complexes. As smaller

proteins are more likely to interact with the solid phase of the gel filtration columns, they

elute at a later point than larger proteins. HPLC measurements were performed on a

Shimadzu Prominence HPLC system, coupled to a SPD-20 A 2 channel UV detector. Samples

were injected onto a Superdex 200 pg 10/300 increase column. Absorbance was measured at

230 nm and 280 nm. The flowrate was set to 0.75 ml'min™.
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8.8 Reducing and non-reducing PAGE

Analysis of folded Cp4tp variants via PAGE was performed by Tuan Nguyen at the Technical
University of Munich, who kindly provided the following protocol:

For reducing SDS-PAGE, 40 uL of the sample were mixed with 10 pL of 5x reducing Lammli-
Buffer®® and incubated at 95°C for 5 min. 20 pL of the sample were loaded onto an SDS gel
and run at a constant current. The gels were either stained with Fairbanks A, and destained
with Fairbanks D or directly stained with ProteinArk Quick Comassie® Stain (SERVA)**.

For non-reducing SDS-PAGE, 40 pL of the sample were mixed with 2 pL of 500 mM NEM and
incubated for 15 min. Afterwards 10 pL of 5x non-reducing Ldmmli and incubated at 95 °C for

5 min. Electrophoresis and staining were performed as described above.

8.9 Circular dichroism spectroscopy and Thermal transition

Circular dichroism spectroscopy and thermal transition measurements of folded Cup4tp
variants was performed by Tuan Ngyen at the Technical University of Munich, who kindly
provided the following protocol:

CD spectra were measured at a protein concentration of 0.1 mg* mL™. The ellipticity was then
normalized to the amount of peptide bonds within a protein and the molecular weight. This
amount is in most cases the amino acid content minus one. The new value is then defined as

the mean residual weight ellipticity #.
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Blurw mean molar ellipticity, deg - cm? - dmol*
0 ellipticity, mdeg

M molecular weight, g* mol™

n number of residues

C protein concentration, mg* cm?

d optical path, mm

8.10 Crosslinking

Crosslinking of Cu4tp variants was performed by Tuan Ngyen and Johannes Buchner at the
Technical University of Munich, who kindly provided the following protocol:

For crosslinking, Cu4 Bpa variants were diluted to a concentration of 1 mg/ml (equivalent to
A280 = 1.37) with a final volume of 200 pL. The samples were then transferred into a 96-well
plate (Greiner BioOne) and excited with a Blak-Ray 100 W UV lamp at 365 nm (UVP Cambridge)
for one hour at a distance of 15 cm. After irradiation, the samples were subjected to ESI/MS
analysis on an Orbitrap Fusion Lumos (Thermo Fisher Scientific) and diluted to a

concentration of 0.2 mg/mL in 50 pL.
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9 Results and Discussions

9.1 Semisynthetic strategy

As outlined in section 7.7, our main goal for this thesis was to establish access to
semisynthetic IgM Cu4tp and to produce variants carrying photocrosslinkers in the tailpiece
region to facilitate further exploration of interaction sites before, during and after IgM
assembly, and to produce various glycosylated Cu4tp variants.

The amino acid sequence of Cp4tp is shown in  Figure 18. Figure 18 depicts a
threonine/cysteine ligation site at position 91/92. Amino acids to be substituted with a
photocrosslinker are underscored. L117 was selected based on its position just prior to the
tailpiece B-sheet assembly. Y118 and V120 were chosen due to their structural relevance in the
formation of the tailpiece B-sheets at the core of oligomeric IgM** and reduced
oligomerization behavior during an alanine scan by Pasalic et al.”. Y132 was selected based
on its prominent position at the very end of IgM and to gain further insight into the relevance

of the tailpiece region located beyond the B-sheet assembly.

1 GEVHKHPPAV YLLPPAREQL NLRESATVTC LVKGFSPADI SVQWLQRGQL

51 LPQEKYVTSA PMPEPGAPGF YFTHSILTVT EEEWNSGETY TCVVGHEALP

101 HLVTERTVDK STGKPTLYNV SLIMSDTGGT CY

Figure 18: Amino acid sequence of Cu4tp. Underscored black amino acids are amino acids to be substituted with
Bpa. Underscored red amino acid represents a conserved glycosylation site. Expressed segment highlighted in blue,

synthetic segment in green.
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A schematic representation of our semisynthesis strategy is displayed in Figure 19.

Protein expression
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Figure 19: Semisynthesis scheme for Ci4tp.

Our strategy for the production of semisynthetic Cu4tp variants followed EPL strategies
outlined®. The N-terminal segment (highlighted in blue) was to be expressed in E. coli as an
intein fusion construct, while the C-terminal segment containing our selected substitution

sites (highlighted in green) was to be synthesized via SPPS. We decided against the use of
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suppression strategies for the introduction of photocrosslinkers, as these are generally less
flexible.

We decided to rely on the ligation site located at the native cysteine residue in position 92
highlighted in Figure 18. While this results in a relatively long synthetic segment (40 amino
acids), and therefore challenging SPPS procedure, this native cysteine residue allows for
simpler workup after ligation. Due to the relatively low abundance of cysteines in naturally
occurring proteins (~1.8%), other amino acids have been made available for ligation via
auxiliaries followed by desulfurization to remove the auxiliary after ligation *%?*2, For example,
the ligation site in Cu4tp could be moved towards the C-terminus of the domain to position
V108/D109, relying on NCL with an N-terminal B-thio Asp on the synthetic segment. A
significant advantage of this building block is the ability to selectively remove the auxiliary in

the presence of native cysteines using TCEP and DTT at low pH #*32*,
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9.2 Semisynthesis of Cudtp

Before setting out to create our portfolio of modified Cp4tp variants, we first had to answer

the following questions.

e Is the semisynthesis of Cudtp based on the strategy outlined in the previous
section feasible?
e Does the semisynthetic Cu4tp domain share the same folding behavior as

recombinantly produced Cu4tp?

To address these questions, we applied our semisynthesis strategy to the synthesis of wild
type Cu4tp. This chapter presents our results related to the recombinant production of N-
terminal thioester segment, the solid phase synthesis of the C-terminal segment, and the
ligation of these two segments, as well as data comparing the folding behavior of
semisynthetic Cu4tp to recombinantly expressed Cuétp. Finally, we discuss these results and

how they influenced our consecutive decisions regarding the semisynthesis of Cu4tp variants.

9.2.1 Production of recombinant Cu4tp 1-91 thioester

We decided to produce our N-terminal Cp4tp segments by expressing them as intein fusion
constructs and then cleave intein by addition of Mesna to generate C-terminal thioesters of
Cup4tp. While the expression and the intein cleavage themselves worked well, we initially
struggled with the purification of the expressed fusion constructs prior to cleavage due to low
recovery rates during Ni-NTA affinity chromatography. We eventually opted to skip this

purification step, which resulted in far better expression yields.
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The respective methods are described in detail in section 8.1.

The full amino acid sequence of the final thioester product is shown in Figure 20.

1 GEVHKHPPAV YLLPPAREQIL NLRESATVTC LVKGEFSPADI SVOWLQORGQL

51 LPQEKYVTSA PMPEPGAPGF YFTHSILTVT EEEWNSGETY T

Figure 20: Amino acid sequence of Cu4tp 1-91 Mesna thioester. Expressed segment highlighted blue. Mesna-

thioester highlighted yellow and depicted in cursive. MW qe: 10263.64 Da.

9.2.1.1 Cu4tp-Intein expression constructs

This work used an Cu4tp 1-91-Mxelntein-H7-CBD fusion construct created and kindly provided
by Alexander Kravchuk. The Mxe GyrA intein derived from Mycobacterium xenopi gyrA was
chosen due to its long history of successful application in protein semisynthesis #2252 H7
represents a poly histidine-tag, that consists of seven consecutive histidine residues and
strongly binds to divalent cations such as Ni, Mn, Fe, and Co ions, which allows for efficient
purification of the attached protein through the application of Ni-loaded nitrilotriacetic acid
columns (Ni-NTA) #*". The chitin-binding domain (CBD) is another tag often used in protein
purification?® but was not relied on for this thesis.

This work relied on the use of a Cu4tp-1-91-Mxelntein-H7-CBD fusion construct (Figure 21)
encoded in a pTXB1 AmpF plasmid (pTXB1-Cu4tp-Met-91-Mxelntein-H7-CB) and amplified and
expressed in E. coli BL21(DE3)Gold. Exact DNA and amino acid sequences of this construct is

shown in the appendix (section 12.1).
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1 GEVHKHPPAV YLLPPAREQL NLRESATVTC LVKGFSPADI SVQWLQRGQL
51 LPQEKYVTSA PMPEPGAPGF YFTHSILTVT EEEWNSGETY TCITGDALVA
101 LPEGESVRIA DIVPGARPNS DNAIDLKVLD RHGNPVLADR LFHSGEHPVY
151  TVRTVEGLRV TGTANHPLLC LVDVAGVPTL LWKLIDEIKP GDYAVIQRSA
201  FSVDCAGFAR GKPEFAPTTY TVGVPGLVRF LEAHHRDPDA QAIADELTDG
251  RFYYAKVASV TDAGVQPVYS LRVDTADHAF ITNGFVSHAT GLTGIHHHHH
301  HHSGLNSGLT TNPGVSAWQV NTAYTAGQLV TYNGKTYKCL QPHTSLAGWE
351  PSNVPALWQL Q

Figure 21: Amino acid sequence of Cudtp 1-91-Mxelntein-H7-CBD. Cu4tp 1-91 highlighted in blue. Intein-H7-CBD

highlighted in beige. MW qi: 39197.13 Da.

9.2.1.2 Cu4tp 1-91-thioester production

Cudtp 1-91-Mxelntein fusion constructs were expressed in E. coli BL21(DE3)Gold as outlined
above (8.1). The fusion protein was primarily detected in inclusion bodies. This allowed for
extended expression durations, including overnight expressions, as proteins in inclusion
bodies are typically not efficiently degraded by the cellular machinery. A representative

expression monitoring is depicted in Figure 22.
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kDa M Oh 1h 2h 3h 4h 24h S P

Figure 22: Photography of representative SDS-PAGE monitoring of Cu4tp-Intein fusion construct expression in £ coli.
The arrow points at the protein of interest. Expected mass ~39 kDA; M: protein marker; S: supernatant; P: pellet; Gel

stained with Coomassie blue. Timepoints represent hours after induction via addition of IGPT.

The expressed fusion protein was purified via cell disruption and affinity chromatography
using Ni-NTA columns as outlined in sections 8.1.2 to 8.1.6. Figure 23 depicts a representative

analysis of the fractions produced during affinity chromatography.
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< SaTas _;._,__..,.‘...
Figure 23: Photography of representative fraction analysis after affinity chromatography using SDS-PAGE. The
arrow points at the protein of interest. Expected mass ~39 kDA; Protein marker (M), fractions (f1-6). Gel stained with

Coomassie blue.

Ni-NTA improved the purity of our protein, but we also observed low recovery rates after
affinity purification, which incentivized us to change this workflow to avoid affinity purification
all together. Our changes are described in detail in section 8.1.

Mesna-induced intein cleavage was performed as outlined in section 8.1.7 at a final
concentration of 2M urea, as higher concentrations of chaotropic agents prevented Mxe
folding and function'®. The progress of the cleavage reaction was monitored via SDS-PAGE.
Figure 24 displays a representative experiment and shows three distinct bands at different
heights. These correspond to the uncleaved fusion construct at ~45 kDa and the intein-H7-
CBD protein ~30 kDa. The Cp4tp Mesna thioester and Cu4tp, created through hydrolysis of the

Cup4tp Mesna thioester, cannot be distinguished on this gel and both run at ~10 kD.
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kDa M Oh 05h 1h 2h 4h 24h

- fusion construct

- intein

- Cpdtp 1-91-thioester

Figure 24: Photography of representative SDS-Page monitoring of Mesna induced intein cleavage of Cu4tp-intein
fusion protein. MW(fusion construct): 39 kDa, MW(intein): 39197.23 Da, MW(Cudtp thioester): 10263.64 Da,
MW(hydrolysis): 10139.47 Da, M=protein gel marker (check specifics). Gel stained with Coomassie blue. Timepoints

represent hours after addition of Mesna.

These proteins were separated using reversed-phase HPLC systems, as outlined in section
8.1.8. While separation of the intein was trivial, separation of the Cu4tp and Cu4tp-thioester
was not consistently achieved, as both co-eluted at ~45 % buffer B. This is not unexpected, as
the polarity of these compounds is almost identical. To our surprise, the uncleaved fusion
protein had a very strong tendency to stick the column even at 60°C column temperature and
could only effectively be removed via Gdn.HCl washes after purification. Fractions containing
the desired Cu4tp thioester were identified by MS, combined, and analyzed as outlined in the

previous chapter (section 8.1.9). Representative results are depicted in Figure 25.
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Figure 25: Representative characterization of Cu4tp 1-91-thioester A) structure of the Cu4tp 1-91 Mesna thioester B)
UV-VIS trace of analytical HPLC analysis C) direct injection mass spectrum D) deconvoluted mass spectrum; Cu4tp 1-

91-thioester MWops: 10263 Da, MW q: 10263.64 Da.

During repeated production of Cu4tp thioester, we noticed weak binding of the Cp4tp-Intein
fusion construct to our Ni-NTA columns resulting in a significantly lower yield per L of
expression media. As the fusion protein was already of relatively high purity after cell
disruption and solubilization due to compartmentalization in inclusion bodies, we opted to
skip the affinity purification steps, directly submitting the fusion construct solubilized in 6M

Gdn.HCl to dialysis against 4M urea. This increased the average yield of the protein thioester
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production line from ~2 mg to ~8 mg per L of expression media with no detectable differences
in purity after preparative HPLC purification. It is unclear what caused the additional signal

present in Figure 25 B), as we could not identify additional signals in our MS results.

9.2.2 Synthesis and purification of Cudtp 92-132 wt

The efficient production of various Cu4tp variants required us to produce a range of modified,
C-terminal Cp4tp segments. To achieve this goal, we relied on applying several well-
established SPPS strategies, which allow for the incorporation of non-proteinogenic amino
acids as described in section 8.2.1. Cu4tp 92-132 wt was synthesized both manually via Boc-
SPPS and automated via Fmoc-SPPS. Figure 26 shows the full amino acid sequence of the

final peptide.

H-CVVGHEALPHLVTERTVDKSTGKPTLYNVSLIMSDTGGTCY-OH

Figure 26: Amino acid sequence of Cui4tp 92-132 wt. MW 4394.02 Da.

Manual synthesis via Boc-SPPS on Boc-Tyr(2-bromo-Z)-PAM resin was performed at a 0.2
mmol scale. This synthesis used HCTU instead of HBTU, due to the latter not being available
temporarily owing to long delivery times. The overall yield of the purified peptide was 73 mg
or 8.3% theoretical yield.

Cp4dtp 92-132 wt was also synthesized automatically on a Liberty Blue synthesizer on Fmoc-
Gly Protide resin at 0.1 mmol scale, to estimate the applicability of this time-saving
technology for future Cp4tp variants. HPLC and MS characterization of the final product prior

to ligation is depicted in Figure 27. The overall yield of the purified peptide was 48 mg or
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10.9%. The unexpectedly broad signal in panel B) was caused by leakage of the analytical

HPLC equipment, that was not detected in time.
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Figure 27: Characterization of Cu4tp wt A) Cudtp 92-132 wt structure B) UV-VIS trace of analytical HPLC analysis C)

direct injection mass spectrum D) deconvoluted mass spectrum; MWops: 4393 Da, MW q: 4394.02 Da.

102



Results and Discussions

9.2.3 Ligation and purification of Cu4dtp wt

Cp4tp thioester was ligated to the synthetic segment via EPL and purified via reverse-phase
HPLC, as outlined in section 8.3.

During purification, we faced significant challenges separating the non-reacted Cp4tp 1-91
thioester (plainly Cu4tp 1-91) from the ligation products. This hydrolysis is a side reaction
during ligation and cannot be prevented entirely. However, we took measures to minimize its
occurrence by selecting thioester aliquots with minimal amounts of hydrolyzed Cu4tp 1-91 as
starting materials during ligation, lowering the pH of the ligation reaction, by increasing the
overall concentration of the reaction partners during the reaction, and by changing the molar
ratio of thioester to synthetic peptide from 1:1 to >1:2. Additionally, we adjusted the gradient
of solvent Ato solvent B during reversed-phase HPLC from 2% to 0.5% per minute.

The amino acid sequence of Cu4tp wt is shown in Figure 28.

1 GEVHKHPPAV YLLPPAREQL NLRESATVTC LVKGFSPADI SVQWLQRGQL
51 LPQEKYVTSA PMPEPGAPGF YFTHSILTVT EEEWNSGETY TCVVGHEALP

101 HLVTERTVDK STGKPTLYNV SLIMSDTGGT CY

Figure 28: Amino acid sequence of Cu4tp wt. Expressed segment highlighted in blue, synthetic segment highlighted

in green. Expected mass 114515.48 Da.

In total, the reaction contained 10 mg Cp4tp 92-132 wt and 10 mg Cp4tp 1-91-thioester in 2.5
ml ligation buffer and was performed overnight. Figure 29 displays reaction monitoring

performed via LCMS. Due to the significant overlap of the ligation product with the N-terminal
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segment shown in panel A, it is difficult to estimate the reaction progress based on peak
height or area. However, deconvoluted MS data (panel B) shows a steady increase in ratio of

product to N-terminal segment.
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Figure 29: Reaction monitoring of the Cu4tp 1-132 wt ligation using LCMS. A) 214 nm trace during LCMS; the arrow
indicates the ligation product as well as the overlapping thioester starting material B) deconvoluted MS of the peak

indicated by the arrow in panel B. MWps: 14514 Da, MW q: 14515.48 Da.
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1 mg of ligation product was collected as main pool, and 2 mg were collected as the side
pool. In total, 3 mg of material were obtained after purification. This corresponds to a yield of
~21%. The additional +77 Da mass most likely corresponds to a 2-mercaptoethanol disulfide
adduct (76 Da) when accounting for a +1 Da inaccuracy, that can be removed through the
addition of TCEP. We decided to discard fractions containing even minor amounts of
hydrolyzed starting material, as our cooperation partners had reported that this segment

negatively affected folding.
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Figure 30: Characterization of Cu4tp wt main pool A) Cu4tp 1-132 wt structure B) UV-VIS trace of analytical HPLC

analysis C) direct injection mass spectrum D) deconvoluted mass spectrum; MWops: 14514 Da, MW, qc: 14515.48 Da.
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9.2.4 Characterization of Cu4tp folding behavior

Tuan Nguyen performed the folding and oligomerization analysis of Cu4tp wt at the Technical
University of Munich. Cu4tp wt was folded via a series of buffer exchanges and analyzed using
SEC (as outlined in section 8.7), non-reducing PAGE (section 8.8), CD spectroscopy and
thermal transition (section 8.9) and compared to recombinantly expressed Cu4tp wt provided
by Johannes Buchner’.

Figure 31 shows the distinct elution time of Cu4tp wt monomer, dimer, and oligomers on SEC,

indicating successful folding.
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Figure 31: UV-VIS traces of folded Cu4tp wt during analytical SEC display formation of oligomers and dimers.
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We furthermore subjected both recombinantly expressed Cu4tp and semisynthetic Cu4dtp
before and after folding to CD spectroscopy, as shown in Figure 32: CD spectrum of Cpdtp wt.
There is a clear change in structure to the semisynthetic Cu4tp upon folding, as indicated by
the difference in ellipticity. Both semisynthetic Cudtp and recombinantly expressed Cup4tp
display very similar CD spectra after oxidation, which further supports our hypothesis, that
semisynthetic Cudtp behaves similar to recombinantly expressed Cu4tp provided by the
Buchner lab™. The broad valley at ~220 nm indicates the formation of B-sheets, which are

prominent in the immunoglobulin fold of the Cu4 domain.

37 ssCu4 ox |
] —— Cp4 ox
27 —— Cpdred 7]

elipticity [mdeg]

T T T T T T T
200 220 240 260 280
wavelength [nm]

Figure 32: CD spectrum of Cudtp wt; ssC4 ox represents folded, semisynthetic Cudtp, Cu4 ox represents folded,

recombinantly expressed Cu4tp, and Cu4 red represents unfolded, recombinantly expressed Cu4tp.
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Finally, we also recorded thermal transition spectra of recombinantly expressed Cu4tp and
both folded and unfolded semisynthetic Cu4tp (Figure 33). In accordance with our CD
spectroscopy measurements, both semisynthetic and recombinantly produced Cp4tp display

almost identical thermal transition spectra after folding.
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Figure 33: Thermal transition spectrum of Cudtp wt, Cu4 ox represents folded, recombinantly expressed Cu4tp, and

Cu4 red represents unfolded, recombinantly expressed Cu4tp.

9.2.5 Discussion of Cudtp wt semisynthesis and characterization
Returning to the questions raised at the beginning of this cheaper, we successfully
demonstrated the feasibility of IgM Cp4tp semisynthesis and could show similar folding

behavior compared to recombinant Cu4tp.
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While obtaining reasonable recovery of the expressed intein-fusion construct from affinity
chromatography turned out to be challenging, we were able to obtain Cu4tp 1-91-thioester at
reasonably purity by skipping this affinity purification step entirely. We believe that this is
owed to the high percentage of fusion construct located in inclusion bodies during
expression.

Both Boc- and Fmoc-SPPS strategies could be applied successfully to obtain C-terminal
Cupdtp segments. The option to use automated Fmoc-SPPS with microwave-heated
synthesizers can significantly accelerate the production of additional C-terminal peptide
variants. It goes without saying that this is a substantial benefit to future semisynthesis efforts
of Cu4tp.

The ligation of N- and C-terminal segments of Cu4tp posed two major, intersecting
challenges. First, high rates of hydrolysis reduced the overall yield of the reaction. Second, the
hydrolyzed thioester, or simply Cu4tp 1-91, displayed a very similar elution profile to Cu4tp.
Though we did manage to reduce the rate of hydrolysis and improve the separation of the
two proteins on RP-HPLC, both steps would benefit from further development. This is of
particular importance as Cp4tp 1-91 contamination of Cu4tp has negative effects on Cu4tp
folding behavior, thereby dramatically reducing yields during folding. Recovery of the ligation
product during RP-HPLC purification should be further improved to push yields beyond 15%.
Being able to rely on the naturally occurring cysteine in position 92 for ligation in combination
with successful SPPS of the forty amino acid long C-terminal segment, poses a significant

advantage over having to perform a ligation at our alternative ligation site which does not
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benefit from a naturally occurring cysteine residue. Therefore, this optional strategy was not
pursued further.

Folding of Cp4tp was performed successfully and all subsequent analysis performed by our
cooperation partners indicated the same folding behavior as recombinant Cu4tp. Therefore,
we felt confident moving forward with the production and investigation of photocrosslinking

Cpétp variants.
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9.3 The semisynthesis of photocrosslinking Cudtp variants

Encouraged by our successful semisynthesis of wild type Cu4tp, we expanded our efforts to
the production of Cp4tp variants for photocrosslinking. Regarding our choice of
photocrosslinker, we ultimately settled on the use of benzophenone-based BPA. This decision
was based on the commercial availability of Fmoc-Bpa building blocks for SPPS and ease of
handling, as BPA is relatively tolerant of ambient light as opposed to other photocrosslinkers

192

Figure 34 shows the position of all attempted Cp4tp Bpa substitution variants.

1 GEVHKHPPAV YLLPPAREQIL NLRESATVTC LVKGEFSPADI SVQOWLQORGQL
51 LPQEKYVTSA PMPEPGAPGF YFTHSILTVT EEEWNSGETY TCVVGHEALP

101  HLVTERTVDK STGKPTLYNV SLIMSDTGGT CY

Figure 34: Amino acid sequence of Cu4tp. Underscored black amino acids are amino acids to be substituted with
Bpa. Underscored red amino acid represents a conserved glycosylation site. Expressed segment highlighted in blue,

synthetic segment in green.

9.3.1 Synthesis and purification of Cu4tp 92-132 Bpa variants

To produce modified, C-terminal Cp4tp segments, we relied on applying several well-
established SPPS strategies, which allow for the incorporation of non-proteinogenic amino
acids as described in section 8.2.1.

Cp4tp 92-132 Y118Bpa was initially produced via Boc SPPS (section 8.2.1.2), as good results

with this strategy regarding Cu4tp semisynthesis had previously been accomplished with this
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method*®. Boc SPPS was eventually discontinued replaced with a Fmoc-based synthesis
strategy (section 8.2.1.3 and 8.2.1.4), which offered the additional advantage of including a
cleavage protocol with less organizational overhead, thereby allowing for additional test
cleavages during synthesis.

All peptides were purified via RP-HPLC as described in section 8.2.3.

9.3.1.1 Synthesis of Cu4tp 92-132 L117Bpa

Cuétp L117Bpa was synthesized via Fmoc-SPPS on 2-Chlorotrityl chloride resin preloaded
with Fmoc-Tyr at a scale of 0.1 mmol. HPLC and MS characterization of the final product prior
to ligation is depicted in Figure 35. Ultimately, we obtained a total yield of 24 mg which
corresponds to 6% theoretical yield at a 0.1 mmol scale. An additional 21 mg of material were
collected in a side pool (resulting in 11% total theoretical yield). The mass of +99 Da shown in
Figure 35 (D) may correspond to a not fully deprotected sidechain carrying a t-
Butyloxycarbonyl (tBoc)-protecting group, when accounting for a mass accuracy of +1 Da.
Additionally, we detected a sodium adduct (+22 Da) that is not clearly visible in the presented

figure.
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Figure 35: Characterization of Cu4tp 92-132 L117Bpa via MS and analytical HPLC A) Cu4tp 92-132 L117Bpa structure
B) UV-VIS trace of analytical HPLC analysis C) direct injection mass spectrum D) deconvoluted mass spectrum;

Cu4tp 92-132 L117Bpa MWps: 4531 Da, MW q: 4532.15 Da.

9.3.1.2 Synthesis of Cu4tp 92-132 Y118Bpa

C4tp 92-132 Y118Bpa was synthesized manually via Boc-SPPS on Boc-Tyr(2-bromo-7)-PAM
resin (200-400 mesh, 0.45 mmol/g) at a 0.1 mmol scale. HPLC and MS characterization of the
final product prior to ligation is depicted in Figure 36. Ultimately, we obtained a total yield of

10 mg which corresponds to 2%. The mass of +22 Da corresponds to a sodium adduct, while
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the +98 Da shown in Figure 36 D) may correspond to a not fully removed tBoc protecting

group (+100 Da), when accounting for a mass accuracy of +2 Da.
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Figure 36: Characterization of Cu4tp 92-132 Y118 via MS and analytical HPLC A) Cu4tp 92-132 Y118Bpa structure B)
UV-VIS trace of analytical HPLC analysis C) direct injection mass spectrum D) deconvoluted mass spectrum; MWps:

4485 Da, MW.q: 4482.13 Da.
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9.3.1.3 Synthesis of Cu4tp 92-132 V120Bpa

Cpétp V120Bpa was synthesized manually via Fmoc-SPPS on 2-Chlorotrityl chloride resin
preloaded with Fmoc-Tyr at a scale of 0.1 mmol. HPLC and MS characterization of the final
product prior to ligation is depicted in Figure 37. Ultimately, we obtained a total yield of 23 mg
which corresponds to 5%. The higher mass found in the deconvoluted spectrum (D) may
indicate a not fully removed tBoc protecting group (+100 Da), when accounting for a +1 Da

mass accuracy. We were unable to identify the source of the signal at ~25 min in panel B).
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Figure 37: Characterization of Cu4tp 92-132 V120Bpa via MS and analytical HPLC A) Cu4tp 92-132 V120Bpa structure
B) UV-VIS trace of analytical HPLC analysis C) direct injection mass spectrum D) deconvoluted mass spectrum;

MWobs: 4546 Da, MWeqi: 4546.17 Da.

115



Results and Discussions

9.3.1.4 Synthesis attempts of Cu4tp 92-132 Y132Bpa

Synthesis of Cp4tp Y132Bpa was attempted using both Wang and 2-Chlorotrityl chloride
resins manually loaded with Fmoc Bpa. Despite our efforts, we were unable to produce the
full peptide. While SPPS initially produced a clean product for the first ~9 amino acids (Figure
38, panel C), the quality of the synthesis rapidly deteriorated with the growing peptide chain,
ultimately producing a complex mixture of peptides that we were unable to purify or further
analyze (panel B and D). Surprisingly, the signals detected in MS in panel D perfectly match
the expected Y-series of the peptide up to amino acid fourteen. The profile displayed in
analytical HPLC shown in panel B) displays a variety of peaks, indicating the presence of
multiple distinct peptides present. It is therefore extremely unlikely that the fragmentation
observed in MSis caused during ionization but is clearly present before MS analysis. The clean
product visible during test cleavage after the first nine amino acids (panel C) indicates that the
observed signals are due to fragmentation of the peptide and are not caused by partial
premature termination of the synthesis. It is unclear what caused this behavior. These
challenges slowed down our synthesis of IgM Cu4tp Y132Bpa and were eventually abandoned
when we received updates from our collaboration partners at the Technical University of
Munich, who had at this point stopped to perform crosslinking experiments with our Bpa
constructs, as no significant crosslinking could be observed for any of the variants. This topic

is further discussed in detail in section 9.3.5.
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Figure 38: Test cleavage of Cudtp 1-132 Y132Bpa via MS A) Cudtp 92-132 Y132Bpa structure B) UV-VIS trace of

analytical HPLC analysis of Cu4tp 109-132Bpa after test cleavage C) mass spectrum of Cu4tp 123-132Bpa after test

cleavage D) mass spectrum of Cu4tp 109-132Bpa after test cleavage; MW (Cudtp 123-132Bpa): 1021 Da, MW qc

(Cudtp 123-132Bpa): 1022 Da; MWy (Cudtp 109-132Bpa): n.q., MW (Cudtp 109-1328pa): 1022 Da.

9.3.2 Ligation and purification of IgM Cu4tp Bpa variants

Cp4tp thioesters were ligated to synthetic segments via EPL and purified via reversed-phase

HPLC, analogous to the previous chapter (section 9.2), and as outlined in Materials and

Methods (section 8.3). It is important to note that the ease of separation of the hydrolyzed
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thioester and the ligation product is influenced by the variant itself. The following sections

show the final analysis of the thus-created semisynthetic Cu4tp variants.

9.3.21

lgeM Cpu4tp L117Bpa

Ligation of Cp4tp L117Bpa was carried out as described in section 8.3. In total, the reaction

contained 9 mg Cp4tp 92-132 L117Bpa and 10 mg Cp4tp 1-91-thioester in 2 ml ligation buffer

and was performed overnight. After purification, we obtained 2 mg Cu4tp L117Bpa main pool

and 4 mg of side pools. In total, this represents a yield of 6 mg or ~40%. The main pool

displayed a purity of 93% based on relative peak height at 214 nm in analytical HPLC. Figure

39 depicts our characterization of Cu4tp L117Bpa main pool.
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Figure 39 Characterization of Cu4tp L117Bpa main pool 1 A) Cudtp 1-132 L117Bpa structure B) UV-VIS trace of
analytical HPLC analysis C) direct injection mass spectrum D) deconvoluted mass spectrum,; MWoss: 14650 Da,

MWeai: 14653.60 Da.

9.3.2.2 I1gM Cu4tp Y118Bpa

Ligation of Cu4tp Y118Bpa was carried out as described in section 8.3. In total the reaction
contained 5 mg Cu4tp 92-132 L118Bpa and 5 mg Cu4tp 1-91-thioester in 0.5 ml ligation buffer
and was performed overnight. After purification we obtained two aliquots: one main pool and
one side pool. Both contained 1 mg of material which corresponds to a total yield of 2 mg or
25%. The purity of the main pool was estimated via relative peak height at 98%, while the
purity of the side pool was estimated to be 76%. The characterization of our main pool is

displayed in Figure 40. The +97 Da mass corresponds to the formation of a TFA ester.
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Figure 40: Characterization of Cu4tp Y118Bpa main pool A) Cudtp 1-132 Y118Bpa structure B) UV-VIS trace of

analytical HPLC analysis C) direct injection mass spectrum D) deconvoluted mass spectrum; MWoss: 14606 Da,

MWeai: 14603.58 Da.

9.3.23 I1gM Cu4V120Bpa

Ligation of Cp4tp V120Bpa was carried out as described in section 8.3. In total the reaction
contained 5 mg Cp4tp 92-132 V120Bpa and 5 mg Cp4tp 1-91-thioester in 1 ml ligation buffer
and was performed overnight.

After purification, we obtained 2 mg of protein, which is equivalent to 25% theoretical yield.

The purity was estimated to be 94% based on peak height. The +77 Da mass corresponds to a
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2-mercaptoethanol adduct, that can be removed via addition of TCEP and that disappeared

during subsequent folding.
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Figure 41: Characterization of Cu4tp V120Bpa main pool A) Cudtp 1-132 V120Bpa structure B) UV-VIS trace of

analytical HPLC analysis C) direct injection mass spectrum D) deconvoluted mass spectrum; MWoss: 14667 Da,

MWeai: 14667.63 Da.
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9.3.3 Characterization of Cu4tp Bpa variant folding behaviors

Tuan Nguyen performed the folding and oligomerization analysis of semisynthetic Cu4tp at
the Technical University of Munich. Cu4tp variants were folded as outlined in section 9.2.
These folded variants were investigated using SEC, CD spectroscopy and thermal transition,
as detailed in section 8.9.

Figure 42 displays the UV-VIS traces of folded Cp4tp variants during SEC analysis. The
observed peaks can be divided into three categories with increasing elution time: oligomer,
dimer, and monomer. All variants display similar folding behavior compared to
recombinantly expressed Cp4tp, although with different ratios in the formation of oligomers
and dimers depending on the variant. We observed significantly reduced oligomer formation
for the V120Bpa variant compared to wt Cu4tp. While we hypothesized that our substitutions
in the tailpiece could negatively affect the formation of oligomers, through the disruption of
hydrophobic interactions between the two B sheets at the center of the Cu4tp oligomer as
described by Li et al.*** and in alignment with previous results by Pasalic et al.”, we did not
expect significant differences in the formation of dimers. There is also a shoulder present at
the monomer peak, possibly indicating the presence of minor amounts of hydrolyzed N-
terminal segment, which may have affected the folding behavior of this variant.

Consequently, we expected similar behavior of the Y118Bpa variant, as the native Tyr118
appears to serve a similar function in the cryo-EM structure presented by Li et al. Interestingly,
we observed the opposite. Y118Bpa strongly favored the formation of oligomers. It should be
noted that the variant also presents two species in the elution window labeled “monomer”.

These may correspond to contamination, or incomplete folding.
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L117Bpa displays a similar pattern of oligomer / dimer / monomer peaks. However, the data

provided on this variant was measured on a different SEC column with a different flow rate

(0.5 ml/min as opposed to 0.75 ml/min). It is unclear why this variant displays an additional

signal in the oligomer range.
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As shown in Figure 43, our Bpa-carrying Cu4tp variants display very similar CD spectra to wt

Cpé4tp after folding. The broad valley at ~220 nm indicates formation of B-sheets, which are

indicative of the immunoglobulin fold of Cu4. The increased level of noise in the CD spectrum
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of E) Y119Bpa can likely be attributed to the low concentration of the protein during

measurement.
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Figure 43: CD spectrum of Cu4tp wt and variants. A) wt; B) L117Bpa; C) Y118Bpa; D) VI120Bpa.

Figure 44 displays thermal transition data of our Cu4tp variants compared to Cu4tp wt.
V120Bpa D) shows increased levels of noise when compared to Cudtp wt or other variants,
which may be a concentration-dependent effect. All Cu4dtp variants display similar thermal
transition behavior, indicating stable folding. We therefore concluded that our Cp4tp variants
display stable, similar folding compared to Cp4tp wt. Both of which are prerequisites for

subsequent photocrosslinking experiments.
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Figure 44: Thermal transition data of Cu4tp wt and variants. A) wt; B) L117Bpa; C) Y118Bpa; D) V120Bpa.
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9.3.4 Photoaffinity labelling of Cu4tp Bpa variants
Preliminary photoaffinity labelling experiments of Cu4tp variants were performed by Tuan
Nguyen at the Technical University of Munich as described in section 8.10. The corresponding

samples were analyzed via SDS-PAGE as shown in Figure 45.
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Figure 45: SDS-PAGE analysis of Cu4tp variants subjected to photocrosslinking.

The non-reducing conditions clearly show the formation of dimers with a MW of ~29 kDa in
addition to large amounts of monomer at ~15 kDa. This agrees with the SEC data shown in
Figure 42. The nature of the additional bands between 12 and 17 kDa for Y118Bpa and
V120Bpa remains unclear. We were able to identify an additional mass of 13437 Da in MS
analysis of the V120Bpa variant post crosslinking. We were unable to identify any additional
masses during similar MS measurements of the Y118Bpa variant. We believe this observation

may have been caused through degradation of the protein.
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Under reducing conditions, these dimers are expected to disappear, unless held together by
successful crosslinking. While variants L117Bpa and Y118Bpa display only very faint bands,
V120Bpa shows two distinct bands in the 25 to 34 kDa range, indicating successful
photocrosslinking. The presence of a second band in the monomer region of Y118Bpa and
V120Bpa may be the result of incomplete reduction of the internal disulfide bond at the
center of the immunoglobulin fold, which is protected by the surrounding B sheets and may
thus be difficult to access for reducing agents.

However, it must be kept in mind, that these are preliminary results, and no positive or
negative controls were performed during our photocrosslinking experiments limiting the
conclusions that can be drawn from these experiments so far. As this is an ongoing
investigation, future experiments would significantly benefit from controls such as including
Cp4tp without photocrosslinker, and Cu4tp with photocrosslinker, but without illumination.
Additionally, a positive control carrying Bpa might be desirable.

We also subjected the same samples to MS but were unable to identify signals corresponding
to crosslinked dimers. The MS data recorded after 20 min of irradiation provided is depicted in
Figure 46 to Figure 48 . Increasing the duration of UV irradiation, to 40 min and up to the point
of complete solvent evaporation, did not change these findings. Variant Y118Bpa (Figure 47)
shows mass of 14905 Da in the monomer, as opposed to 14604 Da, which may correspond to
quantitative glutathionation (+305 Da). This hypothesis is further supported by the absence of

this adduct in the dimer, as glutathionation prevents dimerization.
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Figure 46: Mass spectrum of variant L117Bpa 20 min after UV irradiation. MWeps: 14650 Da, MW qe: 14654 Da; MWps:

29301 Da, MWeqie: 29298 Da.
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Figure 47: Mass spectrum of variant Y118Bpa 20 min after UV irradiation. MWeps: 14605 Da, MW qe: 14905 Da; MWops:

29200 Da, MWeq: 29206 Da.
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Figure 48: Mass spectrum of variant V120Bpa 20 min after UV irradiation. MWoes: 14665 Da, MWeai: 14668 Da; MWops:

29329 Da, MWeqe: 29333 Da.

9.3.5 Discussion of the semisynthesis and characterization of photocrosslinking Cu4tp

variants

9.3.5.1 Successes and challenges during semisynthesis of Cu4tp Bpa variants

We successfully produced three of the four planned Cp4tp variants featuring a Bpa
substitution within or near the B-sheet region of the tailpiece. However, synthesis of the Cu4tp
Y132Bpa variant proved challenging and could not be completed over the course of this
thesis.

Major complications arose already during SPPS of the Cu4tp 92-132 Y132Bpa peptide. We
assume that these issues resulted from the positioning of the Bpa building block at the C-
terminal end of the peptide. Initially, we hypothesized that our procedures for attaching this

building block to the resin were inadequate. We therefore performed resin loading and

129



Results and Discussions

synthesis on both Wang and 2-Chlorotrityl chloride resins, strictly following manufacturers
guidelines. Resin substitution values were determined gravimetrically and photometrically,
and aligned well with data from previous, successful SPPS projects within our research group.
We further monitored the synthesis progress with regular test cleavages accompanied by
LCMS analysis. The results obtained did indeed initially present the desired segment of the
peptide with an acceptable purity. Yet, upon continuation of the synthesis, these results
changed and started to show very uncharacteristic masses matching fragmentation or
cyclization. Analytical HPLC data confirmed the presence of multiple distinct and overlapping
peptides, which is a strong indicator against fragmentation in the mass spectrometry system
as cause for the observed masses. Contrasting these results with our successful synthesis of
other Cp4tp Bpa variants, we assume that this behavior is not simply caused by the presence
of Bpa in the sequence but results from the position of Bpa at the very C-terminus of the
sequence.

Overall, both Boc, manual-, and automatic Fmoc synthesis of the remaining variants worked
well. While our protocol for Boc synthesis allowed for faster synthesis, changing to Fmoc-SPPS
also allowed for the successful synthesizing of the desired variants. As an added benefit,
Fmoc-SPPS allowed for efficient test cleavages during synthesis.

Working with photosensitive materials, such as photocrosslinkers, comes with inherent
challenges. While all Bpa-containing peptides were synthesized in syringes wrapped in
aluminum-foil and kept away from light sources by working under minimal lighting
conditions, it is difficult to guarantee the complete exclusion of ambient light, especially when

working in busy environments. These procedures did not change between Cu4tp Bpa variants
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and are therefore most likely not to be blamed for our failure to synthesize Cu4tp 92-132
Y132Bpa. Additionally, we performed literature research on C-terminal Bpa peptides but
could not find evidence pointing toward increased susceptibility of C-terminal Bpa to
photoirradiation or fragmentation of the attached peptide. Nonetheless, | recommend the
use of tinted syringes in addition to the use of aluminum-foil wrapping during SPPS to further
decrease the risk of exposure to ambient light when working with photosensitive materials, as
well as the use of red light for lighting the work area.

All Bpa variants faced similar challenges during separation of the ligation product from the
unreacted N-terminal segment encountered with the wt (detailed in section 9.2). Overall, we
successfully designed and established a route for the semisynthesis of the IgM Cu4tp domain

that allows for the selective incorporation of Bpa into the Cu4 tailpiece.

9.3.5.2 Folding and photocrosslinking of Cu4tp Bpa variants

Two out of three Cu4tp Bpa variants mirrored the folding behaviors of semisynthetic and
recombinant, wildtype Cu4tp, with minor differences in the ratio of monomer to dimer to
oligomer between the different variants. The exception to this is variant V120Bpa, which
displayed reduced formation of oligomers and dimers compared to the other variants and the
wt. The residues between Tyr118 and Met124 in each tail piece form beta strands, which pack
together into two antiparallel five-stranded beta sheets that stack on top of each other'*. Our
V120Bpa variant showing reduced oligomer formation is likely due to interference with the
hydrophobic interactions between these beta sheets, in agreement with this structure and

previous reports by Pasalic et al.”. We did not observe the same folding behavior for the
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Y118Bpa variant, instead this variant displayed a strong tendency to form oligomers. We also
observed the formation of oligomers, dimers, and monomers for the L117Bpa variant,
however due to different conditions during SEC analysis, we hesitate to offer a detailed
comparison with the other variants.

Interestingly, no significant photocrosslinking was observed for any of the variants, except for
marginal photocrosslinking of the Cu4tp V120Bpa dimer in gel electrophoresis, which could
however not be confirmed via MS data. Additionally, V120Bpa displayed reduced
oligomerization and dimerization behavior compared to wt Cp4tp in SEC analysis. We are
therefore hesitant to draw strong conclusions from these observations. This is especially true
for variant Y118Bpa, which displayed seemingly quantitative glutathionation of the monomer.
It remains unclear why this was only observed for this variant, but we hypothesize this to be
caused by extended storage of the protein in presence of folding buffer. It can’t be ruled out
that this glutathionation also affects folding and crosslinking behavior. We also stress, that
these are preliminary results, and future experiments would significantly benefit from
including additional controls, such as including Cu4tp without photocrosslinker, and Cp4tp
with photocrosslinker, but without illumination. Additionally, a positive control carrying Bpa
might be desirable.

Overall, these findings do not provide definitive answers, but raise further questions about the
structure of IgM and its folding mechanism. Additionally, they highlight the importance for

controls, especially in experiments yielding negative results.
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9.4 Towards the semisynthesis of Cudtp glycovariants

We decided to further expand our semisynthesis efforts of Cu4tp to encompass modifications
of the conserved N-glycosylation motive in position Asn119 with the primary goal of furthering
our understanding of the role of this motive in Cp4tp structure and oligomerization. This
glycosylation site formed by Asn119 and Ser121 appears to be essential in preventing IgM
aggregations ', as mouse N563A and S565 mutants lacking glycan moieties are secreted as
hexamers and higher MW species "%, First, we wanted to create a minimally glycosylated
variant carrying a simple N-acetyl glucosamine on the respective asparagine residue. We
concluded that the most straightforward method to achieve this goal would be the
incorporation of the GIcNAc modification during SPPS in the form of a commercially available
Fmoc-AsnGlcNAc building block.

Additionally, we wanted to explore the transfer of more complex glycan structures onto our
semisynthetic Cp4tp, and to monitor their effects on Cp4tp folding. Specifically, we wanted to
focus on the potential of SGP as glycan donor and our Cp4tp AsnGIcNAc variant as glycan
acceptor for transglycosylation reactions. As previously explained in section 8.5, endo-CC
N180H displays strong transglycosylation activity when transferring glycan structures from
SGP to other peptides containing N-acetyl glucosamines linked to asparagine and
asparagine-like residues®®?°. We therefore hoped to use the above-mentioned minimally
glycosylated Cp4tp AsnGIcNAc variant as starting point for our transglycosylation
experiments. Previous projects in our research group had had success with isolation,
trimming, and chemical activation of the SGP glycan structure prior to enzymatic transfer of

the glycan onto new targets®®. For our Cu4tp semisynthesis project, we asked which benefits
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and limitations could be observed when performing direct enzymatic transfers of the SGP
glycan onto Cuatp AsnGIlcNAc.

This chapter presents our results regarding the semisynthesis of Cu4tp AsnGIcNAc and the
challenges encountered during the purification of the final product via RP-HPLC. We
furthermore show and discuss our progress towards the semisynthesis of more complexly
glycosylated Cupd4tp variants. We also present and compare two different strategies for
isolating SGP from egg yolk powder. Finally, we put these results into context and discuss

implications for future semisynthesis projects involving Cu4tp and/or SGP glycans.

9.4.1 Synthesis of Cudtp 92-132 N119AsnGIcNAc

Synthesis of the Cp4tp 92-132 N119AsnGlcNAc peptide was performed with both manual and
automated Fmoc-SPPS using tentagel resin preloaded with Tyr as outlined in section 8.2, as
Boc-SPPS protocols can negatively affect the stability of the GlcNAc building block, by
cleaving the glycosidic bond. During automated SPPS the AsnGlcNAc building block itself was
also coupled manually as follows: The automated synthesis was stopped at the respective
position and then continued via the synthesizer after a manual coupling followed by a test
cleavage. We chose not to automatically couple the building block because this would require
a significant amount of amino acid to work with the machine. Instead, we opted for a more
cost-effective strategy due to the limited availability of the Fmoc-AsnGlcNAc building block.
This building block required an additional deprotection step to remove the acetyl protecting

groups on GlcNAc. We initially performed this deprotection
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using sodium methoxide in methanol as described in section 8.2.2, but later switched to

incubating the protected peptide at pH 11 for 2 h.

H-CVVGHEALPHLVTERTVDKSTGKPTLYXVSLIMSDTGGTCY-OH

Figure 49: Amino acid sequence of Cudtp 92-132 NI19AsnGIcNAc. X = AsnGIcNAc building  block.

MW 4597.22 Da.

Overall, both synthesis strategies were successful, yielding 21 mg of peptide for the manual
synthesis performed at a 0.05 mmol scale and 49 mg of peptide for the automated synthesis
at a scale of 0.05 mmol after Ac-deprotection and RP-HPLC purification.

Figure 50 displays the results of our sodium methoxide deprotection strategy. The desired
product was detected with a MW of 4599 Da which matches the expected mass of 4597 Da
when accounting for a +2 Da accuracy. The major product observed at a mass of 4611 Da, or a
mass difference of +14 Da, may correspond to a methylation of the desired product. This
could have occurred during the deprotection of the sugar residue with sodium methoxide,
though the exact mechanism is unclear. The mass observed at +111 Da when compared to
the desired product most likely represents an adduct to the 4611 Da peptide, and therefore an
actual mass difference of +98 Da, which may correspond to a not fully removed tBoc

protecting group as observed in previous synthesis of Cu4tp 92-132 peptides.
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Figure 50: Characterization of manually synthesized N119AsnGIcNAc N119AsnGIcNAc, deprotected with sodium
methoxide, via MS and analytical HPLC. A) Cu4tp 92-132 N119AsnGlcNAc structure B) UV-VIS trace of analytical HPLC
analysis C) direct injection mass spectrum D) deconvoluted mass spectrum; MWops: 4599 Da and 4611 Da, MWeq:

4597.22 Da.

Figure 51 displays the results of our deprotection strategy without sodium methoxide. The
desired product was detected with a MW of 4599 Da which matches the expected mass of
4597 Da when accounting for a +2 Da accuracy. Performing Ac-deprotection at pH 11 without
sodium methoxide did not result in a +14 mass. The +22 Da mass corresponds to a sodium

adduct, coming from the sodium hydroxide used to raise the pH during the reaction. The +98
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Da mass may correspond to a not fully removed tBoc protecting group as observed in

previous synthesis of Cu4tp 92-132 peptides.
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Figure 51: Characterization of automatically synthesized Cu4tp 92-132 N119AsnGlcNAc, deprotected at high pH, via
MS and analytical HPLC. A) Cu4tp 92-132 N119AsnGlcNAc structure B) UV-VIS trace of analytical HPLC analysis C)

direct injection mass spectrum D) deconvoluted mass spectrum; MWops: 4599 Da Da, MWeq.: 4597.22 Da.
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9.4.2 Ligation of Cudtp N119AsnGIcNAc
Ligation of Cp4tp N119AsnGlcNAc has performed analogously to the above-described Bpa
variants (section 9.3.2). For further details please refer to section 8.3. The full amino acid

sequence of the desired final product is shown in Figure 52.

1 GEVHKHPPAV YLLPPAREQL NLRESATVTC LVKGFSPADI SVQWLQRGQL

51 LPQEKYVTSA PMPEPGAPGF YFTHSILTVT EEEWNSGETY TCVVGHEALP

101 HLVTERTVDK STGKPTXYXV SLIMSDTGGT CY

Figure 52: Amino acid sequence of Cu4tp N119AsnGIcNAc. X = AsnGIcNAc. Expressed segment highlighted in blue,

synthetic segment in green. Expected mass 14718.67 Da.

In total the reaction contained 13 mg Cp4tp 92-132 N119AsnGIcNAc and 9 mg Cu4tp 1-91-
thioester in 2 ml ligation buffer and was performed overnight. The ligation resulted in 1 mg of
main pool (Figure 53) and 1 mg of side pool after purification. This corresponds to a yield of ~2
mg or 15%. Purifying the ligation product via RP-HPLC, as outlined in section 8.3.3, proved
exceptionally challenging, as the incorporation of GIcNAc reduced the retention time of the
ligation product on our columns just enough to cause a significant overlap between the
hydrolyzed N-terminal segment and the ligation product.

Figure 53 displays the characterization of the main pool. The desired product was detected
with a MW of 14717 Da which matches the expected mass of 14719 Da when accounting for a
+2 Da accuracy. The +77 Da adduct likely corresponds to a 2-mercaptoethanol adduct when

accounting for a+2 Da accuracy.
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Figure 53: Characterization of Cu4tp N119AsnGIcNAc main pool 2 via MS and analytical HPLC A) N119AsnGIcNAc
structure B) UV-VIS trace of analytical HPLC analysis C) direct injection mass spectrum D) deconvoluted mass

spectrum; MWops: 14717 Da, MWeq:14718.67 Da.

No folding experiments were performed with these variants, as the project ran out of
allocated time. Next, we wanted to investigate the transfer of complex glycan structures on

our Cpu4tp 92-132 N119AsnGIlcNAc peptide and Cp4tp 1-132 N119AsnGIcNAc.
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9.4.3 Isolation of and transfer of SGP glycan from egg yolk

To support systematic experiments related to the enzymatic transglycosylation of our
minimally glycosylated Cp4tp variant, we needed to obtain significant quantities of SGP. The
high cost of commercially available SGP, as well as the low recovery rates of Cp4tp after
ligation of the previously generated Cu4tp Bpa variants combined with the moderate recovery
rates during Cp4tp folding, motivated us to find efficient and economically viable strategies to

isolate SGP from egg yolk on our own.

9.4.3.1 |Initialisolation protocol

Initially, we relied on SGP isolation strategies previously established in our research group by
Schmid*® (detailed in section 8.4.1). Briefly, this protocol started with generating egg yolk
powder from chicken egg yolks, resulting in approximately 540 g of powder per 30 yolks. This
powder was then extracted using diethyl ether and acetone, resulting in about 2.5 g of crude
extract. This extract was loaded onto a carbon/celite column and eluted with stepwise
increasing concentrations of ACN in H.O. All fractions were analyzed via RP-HPLC. Fractions
containing SGP were then fractionated again via PD-10 size exclusion chromatography and
analyzed via RP-HPLC (Figure 54). The additional masses visible in the MS data obtained via
ESI-MS are not derived from impurities but are caused by fragmentation of the glycan during
ionization. Figure 55 depicts the most prevalent of these fragments. For future analysis, we
recommend the use of MALDI-MS, which relies on a softer ionization method and thus causes

less fragmentation of the glycan, thus simplifying the analysis.
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Figure 54: Characterization of SGP isolated with the initial protocol, A) schematic representation of SGP B) UV-VIS

trace during analytical RP-HPLC C) MS direct injection D) deconvoluted mass MWops: 2865 Da, MW,qi:2865.78 Da.
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Figure 55: Schematic representation of SGP fragmentation during ESI-MS.

Our initial transfer protocol relied on multiple consecutive enzymatic reactions, to trim the
SGP glycan down to a tetra saccharide, and to then perform an oxazoline activation on this
tetra saccharide prior to enzymatic transfer onto the target sequence. The exact protocol can
be found in sections 8.4.1.4 - 84.1.6. Briefly, the glycan was to be trimmed with B-
Galactosidase, B-N-Acetylglucosaminidase, and Endoglycosidase, before being separated
from the peptide by B-N-Acetylglucosaminidase. This resulted in a GIcNAcMan; tetra
saccharide to be purified via HILIC using a CAD detector on an analytical scale. The tetra
saccharide was then to be activated via CDMBI and enzymatically transferred onto the target

peptide via endo-cc N180H using a large excess of tetra saccharide oxazoline.
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9.4.3.2 Discussion of initial SGP isolation protocols

The high cost in time and resources compared to the yield of usable material for enzymatic
glycosylation led us to investigate potential alternative strategies. Other publications
discussed the reduced hydrolase activity of endo-CC mutant N180H, allowing for efficient
transglycosylation reactions using SGP as starting material, thereby circumventing the need
for prior enzymatic processing and chemical activation of the SGP glycan structure?'**%°,

We also concluded that the purity of the isolated SGP was of lesser importance, provided that
the contaminating products were highly polar. We based this rationale on our previous results
in purifying Cu4tp variants. While the modification of Cu4tp with a larger glycan structure may
significantly reduce the retention time of the glycosylated protein on a reverse phase HPLC
column, we concluded that this shift would not be significant enough to overlap with highly
polar compounds left over from our SGP production pipeline. It should be noted, however,
that these considerations are only valid if these remaining compounds would not interfere

with the transglycosylation performed by endo-CC N180H.

We identified the following bottlenecks in our original SGP isolation strategy:

1. Generating yolk power from whole eggs
Depending on the number of eggs used, this step is quite time-consuming and blocks
a significant amount of space on our lyophilizers. While it gives considerable control
over the procurement of the eggs in question, such as buying eggs from ethically

raised chickens, this step wastes a large amount of egg white. It does not provide a
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cost-benefit compared to purchasing egg yolk powder from manufacturers. We
therefore opted to rely on commercially available egg yolk powder.

Diethyl ether/acetone extraction

This strategy used large amounts of solvents and was performed in a large glass
funnel containing a paper filter. This funnel itself proved problematic when working at
a larger scale, as increases in the amount of material to filter caused less homogenous
flow of solvents through the material. We, therefore, tried to identify strategies with
reduced solvent consumption and different separation methods. Ultimately, we
settled on a methanol/chloroform solid phase extraction method relying on
centrifugation inspired by the work of Alagesan et al. ¢ described in section 8.4.2.1.
Reliance on consecutive chromatography columns

Our initial protocol relied on the consecutive application of multiple chromatography
columns to isolate SGP and corresponding glycan structures. While this approach
resulted in high purity of the desired product, it severely limited the throughput and
overall yield. This is especially true for the final purification steps after trimming the
glycan on analytical HPLC columns, limiting the sample amount to below 1 mg per
run. Under the above-outlined assumptions that the efficiency of the
transglycosylation reaction by endo-CC N180H as well as the purification of the final
product is not severely interfered with by highly polar contaminations left over from
SGP isolation, we conclude that such a high purity as provided by our original protocol

might not be a necessity.
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4. Enzymatic trimming
Opting for a direct transglycosylation reaction from SGP to Cu4tp does not require
prior separation of the glycan structure from SGP. Skipping these enzymatic cleavage
steps allows us to reduce the use of precious enzymes and avoid an additional
purification step. We also concluded that trimming the glycan structure down to a
penta- or tetra saccharide was not necessary to provide proof-of-concept for the
enzymatic transglycosylation of Cpdtp. We thus decided to skip all enzymatic
processing of SGP and its glycan structure prior to transglycosylation with endo-CC
N180H.

5. Chemical activation
Chemical activation of the glycan was a prerequisite for successfully transferring the
tetra saccharide to Cp4tp. Itis not a prerequisite for direct transglycosylation via endo-
CC N180H from SGP. We'd like to point out that chemical activation also reduces the
required excess of glycan during the transfer reaction, as no back transfer from Cp4tp
to SGP can occur if SGP is not present in the reaction to begin with. We hoped to
correct for this disadvantage through higher excess of SGP, as demonstrated by

Manabe et al. *°.

9.4.3.3 Updated SGP isolation protocol

Based on these considerations, we set out to design an additional protocol for the isolation of

SGP in our laboratory. The exact steps are detailed in section 8.4.2.
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We directly bought egg yolk powder, thereby reducing our use of lyophilizers and avoiding the
disposal of large amounts of egg white. We performed a crude extraction of the powder using
methanol/H,O and chloroform (see section 8.4.2.1). Due to the reliance of large centrifuge
buckets and magnetic stirrers, scaling up the process was significantly more convenient than
the previous strategy relying on washing the yolk powder in a large funnel. This resulted in
approximately 24 mg of brittle, crystalline, yellow material per g of yolk powder. We then
compared several methods for further purification of the crude extract, including FPLC , size
exclusion using a 300 mm tall Sephadex G50 column under gravitational flow (section8.4.2.2),
preparative HPLC using a C18 column , and carbon/celite solid phase extraction (section
8.4.2.3).

Due to low flow rates of the gravitational SEC, no separation or large-scale purification could
be accomplished. Consequently, we decided to switch from gravitational flow to FPLC.
However, despite achieving higher flow rates using SEC on FPLC, we were unable to purify
larger quantities. This was owed to low loading volume and limited column capacity of our
setup, which was designed to primarily purify semisynthetic proteins at lower scales. We also
attempted RP-HPLC purification on preparative C18 columns with linearly increasing ACN
concentrations in H,O. While this approach allowed for larger throughput than the previous
strategies, we were unsatisfied with the amount of material recovered. We hypothesize that
due to the hydrophilic nature of the SGP, a significant percentage of material was lost in the
flow through.

Eventually, we settled on fractionating the crude SGP over a series of carbon/celite solid

phase extractions using increasing concentrations of ACN in H,0, followed by analysis of the
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fractions via MS direct injection. This approach allowed for a larger throughput than the use of
carbon/celite columns. On average, this method yielded ~2.3 mg of extract per g of egg yolk
powder. We then ran the sample through a PD10 column, resulting in ~1.1 mg of SGP extract
per g of egg yolk (Figure 56). Overall, the new protocol resulted in a yield of 0.35 umol SPG per
g of egg yolk powder compared to 0.16 umol of SGP obtained with our original strategy. Both
samples display a high purity of over 90%. The additional masses visible in the MS data
obtained via ESI-MS are not derived from impurities but are caused by fragmentation of the
glycan during ionization. Figure 57 depicts the most prevalent of these fragments. For future
analysis, we recommend the use of MALDI-MS, which relies on a softer ionization method and

thus causes less fragmentation of the glycan, thus simplifying the analysis.
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Figure 56: Characterization of SGP isolated with the updated protocol, A) schematic representation of SGP B) UV-VIS

trace during analytical RP-HPLC C) MS direct injection D) deconvoluted mass MWops: 2865 Da, MW,qi:2865.78 Da.
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Figure 57: Schematic representation of SGP fragmentation during ESI-MS

9.4.4 Direct, enzymatic transfer of the SGP glycan onto Cudtp 1-132 N119NGIcNAc

We attempted to transfer the SGP glycan onto our minimally glycosylated variant Cu4tp 1-
132N119NGIcNAc but were unable to overcome solubility issues of the target protein under
the reaction conditions required by the enzyme. Conditions for this enzymatic transfer are
described in detail in section 8.5. The reaction was performed with a ratio of Cp4tp 1-132
N119NGIcNAc to SGP of 1:25. Addition of SGP in reaction buffer caused immediate
precipitation of Cu4tp 1-132 N119NGIcNAc. During the reaction, we could neither observe the

starting material nor the desired product in the supernatant via MS direct injection.
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We therefore decided to attempt the transfer of the glycan onto the Cu4tp 92-132 N119GIcNac

peptide which showed improved solubility compared to the full length Cp4tp domain.

9.4.5 Direct, enzymatic transfer of the SGP glycan onto Cudtp 92-132 N119GIcNac

We transferred the SGP glycan directly onto Cp4tp 92-132 N199NGIcNa. Conditions for this
enzymatic transfer are described in detail in section 8.5. The reaction was performed with a
ratio of Cu4tp 92-132 N199NGIcNac to SGP of 1:25. While the transfer was not complete, we
estimate a ratio of 1:1 of the C-terminal segment carrying the glycan structure and not
carrying the glycan structure, based on peak size during HPLC purification. While an
incomplete glycosylation of the starting material is expected by this strategy, this relatively
low conversion rate may also result from precipitation of the starting material under transfer
conditions. Purification of the product via semi-preparative RP-HPLC proved challenging; we
therefore opted to pool all fractions containing the C-terminal segment carrying the glycan
structure and not carrying the glycan structure and purify these via RP-HPLC on an analytical
scale.

While this strategy did increase the purity of our product, characterization of the product via
MS direct injection revealed the presence of significant amounts of starting material, even
though the UV-VIS trace of our analytical HPLC suggested a satisfactory purity (Figure 58). It is
also possible that the starting material observed in this sample is caused by fragmentation of
the glycan during ESI. The desired product was detected with a MW of 6596 Da, which
matches the expected mass of 6600.02 Da when accounting for a +3 Da accuracy. Three

additional masses were observed at 4594, 4691, and 4731 Da, respectively. These correspond
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to the minimally glycosylated peptide (4594 Da), plus 97 Da (minimally glycosylated peptide
+tBoc protecting group when accounting for a +3 Da accuracy) and 137 Da not previously
observed during synthesis. The overall yield of this transfer was approximately 0.4 mg or 27 %.
As the correct product could not be separated from the starting material, we did not perform

a ligation with this peptide.
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Figure 58: Characterization of the glycosylated Cu4tp 92-132 after direct transfer. A) schematic structure B) UV-VIS
trace of analytical RP-HPLC C) direct injection mass spectrum D) deconvoluted mass spectrum MWoss: 6597 Da,

MWegie: 6600.02 Da.
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9.4.6 Discussion of the semisynthesis of glycosylated Cu4tp variants

9.4.6.1 Semisynthesis of Cu4tp N119AsnGlcNAC

We successfully synthesized peptides carrying a GIcNAc modification at the conserved N-
linked glycosylation site in position N119 of Cp4tp. Purification of the ligation product proved
once again challenging due to coelution with unreacted N-terminal segment and low
recovery rates after RP-HPLC. Further optimization of the ligation reaction to improve the

ratio of hydrolyzed starting material to product is generally desirable.

9.4.6.2 SGPisolation

Comparing the resource consumption of the isolation strategy established by Schmid®*® and
the glycosylation protocol presented in this thesis, the new protocol resulted in a yield of 0.35
umol SPG as opposed to an average of 0.16 pmol obtained per g of egg yolk through our
initial strategy. This aligns well with vyields previously reported by Sun®, Liu?*/, and
Alagesan?®. Both samples display a similarly high purity of over 90% in analytical HPLC. As
highlighted by numerous publications on the isolation of SGP*>2!"%% there are several ways
to reach the desired destination, and choosing the “ideal” strategy depends more on the

availability of equipment and resources.

9.4.6.3 Comparing Oxazoline activation and direct transfer of N-glycans

Our research group had previously relied on trimming down the SGP glycan to a
pentasaccharide core and then separating it from the SGP hexapeptide via enzymatic
cleavage of the B1-4 glycosidic bond between the two N-acetlyglucosamines of the N,N’-

diacetylchitobiose core of the glycan®®. The resulting tetrasaccharide must be converted into
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an oxazoline to allow enzymatic transfer onto the target peptide or protein®®. A disadvantage
of this method is the reactivity of the glycosyloxazoline, which can be attacked by reactive
amino groups on side chains when reaction conditions are not tightly controlled, forming
various side products. This is especially critical when using complex proteins such as
antibodies as acceptors and these side products can be challenging to distinguish when using
RP-HPLC and MS in quality control #4929 Additionally, this strategy also required processing
and purification steps during enzymatic trimming.

Therefore, we set out to test a faster method for the transfer of complex glycan structures
from SGP onto semisynthetic Cp4tp. We settled on performing direct enzymatic
transglycosylation of the untrimmed SGP glycan onto peptides and proteins containing a
single asparagine residue carrying an N-acetlyglucosamine using ENGase Endo-cc N180H.
This approach was inspired by extensive work on the acceptor range of this enzyme by
Manabe et al. and their successes with direct transglycosylation of the SGP glycan to an anti
CCR4 antibody ?°. This strategy allows for simplified and fast access to complexly modified
glycosylations on semisynthetic proteins.

In conclusion, it is difficult to strictly recommend one transfer method over the other without
consideration for the target of the glycan transfer and the glycan transfer conditions. In our

case the solubility of the target protein remains an obstacle to overcome.

9.4.6.4 Semisynthesis of a complexly glycosylated Cu4tp variant

We tested two distinct strategies for the semisynthesis of a complexly glycosylated Cp4tp

variant. The first strategy encompassed the production of a minimally glycosylated variant
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(Cp4tp 1-132 N119NGIcNAc) before transfer of the SGP glycan onto this variant. However, we
were unable to bring this minimally glycosylated starting material into solution under
reaction conditions required for enzymatic transfer and were thus forced to rethink our
approach. Our second strategy relied on the transfer of the SGP glycan onto a C-terminal
peptide (Cp4tp 92-132 N119NGIcNAc) prior to ligation. This transglycosylation was successful,
however the resulting product could not be separated from the educt. Due to time
constraints, we did not perform further optimization of the transfer reaction which might
allow for improved purity of the starting material, which would be required for a subsequent

ligation.
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10 Conclusion and Outlook

10.1 Semisynthesis of Cu4tp and photocrosslinking variants

We set out to generate new insights into the underlying molecular mechanisms of IgM
assembly through the design, synthesis, and characterization of semisynthetic Cu4tp variants
containing photocrosslinkers. We successfully designed and established a route for the
semisynthesis of the IgM Cp4tp domain that allows for the selective incorporation of non-
canonical amino acids and selective post-translational modifications.

Overall, the IgM Cu4tp domain is a challenging target for semisynthesis. This is especially true
for separating the ligation product from the hydrolyzed thioester starting material when
performing NCL using the native Cys92 as a ligation site. Although we could improve the
ligation conditions to reduce the rate of hydrolysis and optimize our gradients for better
separation during RP-HPLC purification, obtaining a pure product is still a significant
challenge, with hydrolyzed starting material occasionally coming up to 40 % of signal height
compared to the ligation product based on MS intensity. Additionally, we decided to discard
fractions containing more than 5% of hydrolyzed starting material, as our cooperation
partners had reported that this segment negatively affected folding, which further reduced
yields. Utilizing an alternative valine/ aspartic acid ligation site in position 108/109 might
allow for better separation of the starting material from the ligation product?*. Shortening the
synthetic segment would simplify SPPS, potentially increasing yields and purity. Relying on an
N-terminal B-thio Asp on the synthetic segment for ligation would allow for selective removal

of the auxiliary even in the presence of native cysteine residues.
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Incorporation of a photocrosslinker, here Bpa via a commercially available Fmoc-Bpa
building block, could be achieved without encountering major hurdles for most of our
semisynthetic Cu4tp variants. The only exception is the variant Cu4tp Y132Bpa containing C-
terminal Bpa, which seems to have degraded or reacted during synthesis.

We developed strategies for folding our Cu4tp variants and demonstrated that semisynthetic
wt Cuétp behaves identically to recombinantly expressed in CD and thermal transition
measurements. Our photocrosslinking variants showed similar behavior, indicating the
absence of significant changes in folding due to the presence of Bpa in the tailpiece, with the
exception of variant V120Bpa, which displayed reduced formation of oligomers compared to
the wt. This may be due to interference with the hydrophobic interactions between B-sheets
formed by the tailpieces during oligomerization, in agreement with published IgM cryo-EM

structures'** and a previously reported alanine scan’.

10.2 Structural implications regarding the Cudtp monomer

While our Bpa variants displayed folding in line with our semisynthetic wt, we were unable to
observe photocrosslinking of these folded variants in MS analysis. In contrast, during gel
electrophoresis of the irradiated variants, V120Bpa appears to have formed stable dimers,
which may indicate crosslinking. Contradictory, this variant displayed reduced formation of
oligomers and dimers in SEC analysis compared to wt Cu4tp in SEC analysis. However, it must
be noted that these are preliminary results from an ongoing investigation lacking the

necessary positive and negative controls to allow for more definitive conclusions. It is possible
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to try photocrosslinking using various other photocrosslinkers, including aryl azide or
diazirine.

This does not necessarily mean that our attempts to improve our understanding of the
structure of monomeric Cp4tp were entirely unsuccessful. High-resolution cryo-EM data on
the IgM oligomer in complex with the J-chain and the SC has become available in recent
years, providing extensive detail on the structure of the tail piece in this context'*. The
residues between Tyr118 and Met124 in each tail piece form B strands, that pack together into
two five-stranded B sheets that stack on top of each other in an antiparallel manner. In
agreement with this structure and previous reports by Pasalic et al.”, we observed that our
V120Bpa variant displayed reduced oligomer formation, likely through interference with this
hydropic interactions between these B sheets. We did not observe the same folding behavior
for the Y118Bpa variant, instead this variant displayed a strong tendency to form oligomers. It
is therefore possible, that this variant suffered from degradation or premature
photocrosslinking prior to or during folding, which may have affected the folding behavior of

this variant.

10.3 Semisynthesis of glycosylated Cu4tp variants

We also successfully applied our semisynthesis strategy to the production a minimal
glycosylated Cp4tp variant, carrying an N-linked GIcNAc in position N119. Additionally, we
took successful steps toward the semisynthesis of a more complexly glycosylated Cu4tp
variant using direct transfer of the SGP glycan onto the target protein via the

acetylglucosaminidase mutant endo-CC N180H inspired by work by Manabe et al.**. While we
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initially attempted to transfer the glycan from SGP onto our Cu4tp N119NGIcNAc variant, we
were to bring our target protein into solution under transfer conditions. We therefore decided
to perform this direct enzymatic transfer of the SGP glycan onto the better soluble Cp4tp 92-
132 N119NGIcNAc. This transfer was performed successfully. However, we could not separate
the SGP-carrying product from unreacted starting material via RP-HPLC - thus preventing a
subsequent ligation attempt. Further work optimizing transfer conditions and separation
strategies may allow for successful semisynthesis of this variant in future projects.

We adapted and streamlined existing SGP isolation protocols to isolate SGP from egg yolk.
This strategy required us to adapt and streamline existing SGP isolation protocols. When
analyzing these methods in the context of the semisynthesis of Cu4tp, the initial protocol by
Schmid?® was found to be more resource and time intense than the updated protocol
inspired by Alagesan et al.**. Additionally, the updated protocol prioritized scalability without
sacrificing purity, as both protocols yielded products with purity above 90%. It should
however be noted that ideal isolation strategies depend on the availability of equipment and
resources and that other research groups may find other SGP isolation methods more
suitable for their needs.

We believe that this direct transfer is a viable strategy for rapid and simple production of
complexly glycosylated proteins in semisynthesis, as the solubility- and purification-related
challenges encountered in this work derive from the target protein and are not inherent to the
glycan transfer method. Further optimization of the transfer conditions such as increasing the
DMSO concentration above 25% or using chaotropic agents may overcome these challenges.

It should be kept in mind that these must not come at the expense of enzyme activity and
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stability. Further modification of the glycan via enzymatic trimming should also be possible

quantitatively after transfer using established enzymes.

10.4 Outlook

Future semisynthesis projects related to the Cu4tp domain would benefit from improved
ligation and purification protocols for separating the hydrolyzed starting material from the
final ligation product. This could include exploration of an alternative valine/ aspartic acid
ligation site in position 108/109 and purification via SEC.

We remain curious whether the utilization of a different photocrosslinker, such as aryl azide or
diazirine, would allow for synthesizing a C-terminal segment with a photocrosslinker in
position Y132. We would also like to expand our work on the semisynthesis of a single domain
of IgM to include several domains, such as the semisynthesis of the entire heavy chain of IgM.
Another interesting target for semisynthesis related to IgM is IgA, which also contains C-
terminal tailpiece driving oligomerization**®. Additionally, we are interested in observing
future applications using Cu4tp fusion constructs for controlled protein oligomerization, as
presented by Svilenov et al.**.

We're also looking forward to exploring and observing the utilization of enzymatic
transglycosylation in the semisynthesis of various proteins. We are also interested in trimming
transferred glycans on the target protein. Focusing on IgM and Cp4tp specifically, we would
like to explore additional purification strategies post transfer, including HPLC columns with a

higher sensitivity to glycans and other purification strategies.
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Our results regarding the Cu4tp structure support existing cryo-EM data of the IgM oligomer
and pose new questions about the structure and folding of the Cu4tp monomer. We look
forward to further investigating the Cu4tp driven assembly of IgM and imagine that a deeper
understanding of the relevant structure-function relationship could contribute to engineering

novel multivalent antibodies and proteins with controlled oligomerization behavior.
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12 Appendix

Appendix

12.1 Sequences

12.1.1 DNA Sequence of Mxelntein-H7-CBD

>Mxelntein-H7-CBD

TGC ATC ACG GGA

CCC

ATC

AAC

CAT

TTC

GTG

GGC

GTC

TGG

GAT

AGC

AAA

GTC

GAA

GCT

TTC

GAC

CGT

GAG

GTG

GCC

GGC

CAC

CGT

ACC

GAC

AAG

TAC

GTC

CCC

GGC

GCA

ATC

TAC

GCC

GTC

GGC

CCG

ATC

AAT

TCC

ACG

GCG

GTC

CTG

GCG

GAC

GAA

GTC

CAC

GCC

TAC

GGC

GAC

GAG

GGT

GAC

CCC

GGC

GTC

AAC

GCC

ATC

GTG

TGT

TTT

CCT

CAC

GAC

GCG

GTG

ACG

GAT

TCG

GCG

CTG

GTG

GAG

GAA

CAC

GGG

GAC

ATT

GCA

GCG

GGA

CGA

GAG

ARAA

CAG

GCA

GCA

GTA

CGG

ARAA

CTC

CAT

GGT

CCG

GTG

GAA

CAA

GGT

CCC

CTG

GAC

CTG

GTC

CCG

GAC

CTA

CGC

CCC

GTC

GCC

CCG

CTG

TTG

CCG

ATC

CGC

TTT

ACA

GTG

CCG

ACC

GCC

GTG

CAC

GTT

ATC

AAC

CTT

GAC

GTG

CGT

TTG

ACC

AAG

AGC

GCC

ACC

CGT

GAC

GAC

AGT

TAT

GCG

GCC

GCC

AGT

GAC

CGG

TAC

GTG

TGT

CTG

CCG

GCA

CGC

TAC

TTC

GCC

GGG

GTC

AGC

TTT

173

CTA

GAC

GAC

CGG

CTG

ACG

ACG

TTG

CTG

GGC

TTC

GGG

ACA

TTG

CAA

CGG

ACC

CTT

ATC



ACG

CTC

CAC

AAT

ACA

TAT

CCC

TCC

TGA

AAC

ACC

TCC

CCT

GCT

AAC

CAC

AAC

GGG

GGA

GGT

GGT

TAT

GGC

ACC

GTT

TTC GTC AGC

ATT CAC CAC

CTG AAC TCA

GTA TCC GCT

ACT GCG GGA

AAG ACG TAT

TCC TTG GCA

CCT GCC TTG

CAC

CAC

GGC

TGG

CAA

GGA

TGG

Appendix

GCT

CAC

CTC

CAG

TTG

TGT

TGG

CAG

12.1.2 AA Sequence of Mxelntein-H7-CBD

>Mxelntein-H7-CBD

CITGD ALVAL PEGES

FHSGE

DYAVI

AIADE

LTGIH

PHTSL

HPVYT

QORSAF

LTDGR

HHHHH

AGWEP

VRTVE

SVDCA

FYYAK

HSGLN

SNVPA

VRIAD

GLRVT

GFARG

VASVT

SGLTT

LWQLO

ACT

CAC

ACG

GTC

GTC

TTG

GAA

CTT

IVPGA RPNSD

GTANH PLLCL

KPEFA PTTYT

DAGVQ PVYSL

NPGVS AWQVN
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GGC

CAC

ACA

AAC

ACA

CAG

CCA

CAA

NAIDL KVIDR

VDVAG VPTLL

VGVPG LVRFL

RVDTA DHAFI

TAYTA GQLVT

HGNPV LADRL

WKLID EIKPG

EAHHR DPDAQ

TNGFV SHATG

YNGKT YKCLQ
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12.1.3 DNA Sequence of Cudtp 1-91-Mxelntein-H7-CBD

>CH4tp 1-91-Mxelntein-H7-CBD

ATG

GTT

CTG

TGT

ATT

CTG

GCA

TTC

ACC

TAT

GCC

GCC

AGT

GAC

CGG

TAC

GTG

TGT

CTG

CCG

GCA

CGC

GGT

TAT

AAT

CTG

AGC

CTG

CCG

TAC

GAA

ACC

CTA

GAC

GAC

CGG

CTG

ACG

ACG

TTG

CTG

GGC

TTC

GGG

GAA GTT CAT AAA CAT CCG CCT GCA

CTG CTG CCT CCG GCA CGT GAA CAG

CTG CGT GAA AGC GCA ACC GTT ACC

GTTs AAA GGT TTT AGT CCG GCA GAT

GTT CAG TGG CTG CAG CGT GGT CAG

CCG CAA GAA AAA TAT GTT ACC AGC

ATG CCG GAA CCG GGT GCT CCG GGT

TTT ACC CAT AGC ATT CTG ACC GTG

GAG GAA TGG AAT AGC GGT GAA ACC

TGC ATC ACG GGA GAT GCA CTA GTT

CCC GAG GGC GAG TCG GTA CGC ATC

ATC GTG CCG GGT GCG CGG CCC AAC

AAC GCC ATC GAC CTG AAA GTC CTT

CAT GGC AAT CCC GTG CTC GCC GAC

TTC CAC TCC GGC GAG CAT CCG GTG

GTG CGT ACG GTC GAA GGT CTG CGT

GGC ACC GCG AAC CAC CCG TTG TTG

GTC GAC GTC GCC GGG GTG CCG ACC

TGG AAG CTG ATC GAC GAA ATC AAG

GAT TAC GCG GTG ATT CAA CGC AGC

AGC GTC GAC TGT GCA GGT TTT GCC

AAA CCC GAA TTT GCG CCC ACA ACC
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TAC

TTC

GCC

GGG

GTC

AGC

TTT

ACT

CAC

ACG

GTC

GTC

TTG

GAA

CTT

ACA

TTG

CAA

CGG

ACC

CTT

ATC

GGC

CAC

ACA

AAC

ACA

CAG

CCA

CAA

GTC

GAA

GCT

TTC

GAC

CGT

ACG

CTC

CAC

AAT

ACA

TAT

CCC

TCC

TGA

GGC

GCA

ATC

TAC

GCC

GTC

AAC

ACC

TCC

CCT

GCT

AAC

CAC

AAC

GTC

CAC

GCC

TAC

GGC

GAC

GGG

GGA

GGT

GGT

TAT

GGC

ACC

GTT

CCT

CAC

GAC

GCG

GTG

ACG

TTC

ATT

CTG

GTA

ACT

AAG

TCC

CCT

GGA

CGA

GAG

CAG

GCA

GTC

CAC

AAC

TCC

GCG

ACG

TTG

GCC
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CTG

GAC

CTG

GTC

CCG

GAC

AGC

CAC

TCA

GCT

GGA

TAT

GCA

TTG

GTG

CCG

ACC

GCC

GTG

CAC

CAC

CAC

GGC

TGG

CAA

GGA

TGG

CGT

GAC

GAC

AGT

TAT

GCG

GCT

CAC

CTC

CAG

TTG

TGT

TGG

CAG

12.1.4 AA Sequence of Cu4tp 1-91-Mxelntein-H7-CBD

>CH4tp 1-91-Mxelntein-H7-CBD

GEVHK HPPAV YLLPP AREQL

LPQEK YVTSA PMPEP GAPGF

LPEGE SVRIA DIVPG ARPNS

TVRTV EGLRV TGTAN HPLIC

FSVDC AGFAR GKPEF APTTY

REFYYA KVASV TDAGV QPVYS

NLRES

YFTHS

DNAID

LVDVA

TVGVP

LRVDT

ATVTC

ILTVT

LKVLD

GVPTL

GLVRF

ADHAF
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LVKGF

EEEWN

RHGNP

LWKLI

LEAHH

ITNGF

SPADI

SGETY

VLADR

DEIKP

RDPDA

VSHAT

SVQOWL

TCITG

LFHSG

GDYAV

QAIAD

GLTGI

QRGOQL

DALVA

EHPVY

IQRSA

ELTDG

HHHHH
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HHSGL NSGLT TNPGV SAWQV NTAYT AGQLV TYNGK TYKCL QPHTS LAGWE

PSNVP ALWQL ©

12.1.5 AA Sequence of Cudtp 1-132 wt

>CH4tp 1-132 wt

1 GEVHKHPPAV YLLPPAREQL NLRESATVTC LVKGFSPADI SVQWLQRGQL
51 LPQEKYVTSA PMPEPGAPGF YFTHSILTVT EEEWNSGETY TCVVGHEALP

101 HLVTERTVDK STGKPTLYNV SLIMSDTGGT CY

12.1.6 AA Sequence of Cu4tp 1-132 L117Bpa

>CH4tp 1-132 L117Bpa

1 GEVHKHPPAV YLLPPAREQL NLRESATVTC LVKGFSPADI SVQWLQRGQL
51 LPQEKYVTSA PMPEPGAPGF YFTHSILTVT EEEWNSGETY TCVVGHEALP
101 HLVTERTVDK STGKPTXYNV SLIMSDTGGT CY

Xrepresents Bpa

12.1.7 AA Sequence of Cu4tp 1-132 Y118Bpa

>CH4tp 1-132 Y118Bpa

1 GEVHKHPPAV YLLPPAREQL NLRESATVTC LVKGFSPADI SVQWLQRGQL
51 LPQEKYVTSA PMPEPGAPGF YFTHSILTVT EEEWNSGETY TCVVGHEALP
101 HLVTERTVDK STGKPTLXNV SLIMSDTGGT CY

Xrepresents Bpa
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12.1.8 AA Sequence of Cudtp 1-132 V120Bpa

>CH4tp 1-132 V120Bpa

1 GEVHKHPPAV YLLPPAREQL NLRESATVTC LVKGFSPADI SVQWLQRGQL
51 LPQEKYVTSA PMPEPGAPGF YFTHSILTVT EEEWNSGETY TCVVGHEALP
101 HLVTERTVDK STGKPTLYNX SLIMSDTGGT CY

Xrepresents Bpa

12.1.9 AA Sequence of Cu4tp 1-132 Y132Bpa

>CH4tp 1-132 Y132Bpa

1 GEVHKHPPAV YLLPPAREQL NLRESATVTC LVKGFSPADI SVQWLQRGQL
51 LPQEKYVTSA PMPEPGAPGF YFTHSILTVT EEEWNSGETY TCVVGHEALP
101 HLVTERTVDK STGKPTLYNV SLIMSDTGGT CX

Xrepresents Bpa

12.1.10 AA Sequence of Cudtp 1-132 N119GIcNAc

>CH4tp 1-132 N119GIcNAc

1 GEVHKHPPAV YLLPPAREQL NLRESATVTC LVKGFSPADI SVQWLQRGQL
51 LPQEKYVTSA PMPEPGAPGF YFTHSILTVT EEEWNSGETY TCVVGHEALP
101 HLVTERTVDK STGKPTXYXV SLIMSDTGGT CY

Xrepresents NGIcNAc
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12.2 Additional Photocrosslinking Data

12.2.1 40 min Photocrosslinking

A) L117Bpa B) V120Boa C) Y118Bpa
monomer dimer monomer dimer monomer dimer
14.650 kDa 14.664 kDa 29.329 kDa 14.601 kDa

293005020

091 5000

bwoes su0

“™29.310 kDa

wis
2010 saagf

e \ -
mmmmmm ?
53115010 naze ey}
'
B aand

14000 16000 2000 30000 X

expected: 14.651 kDa 29.300 kDa 14.665 kDa 29.328 kDa 14.601 kDa 29.200 kDa

Figure 59: Deconvoluted MS of Cu4tp variants after 40 min of irradiation A) L117Bpa B) V120Bpa C) Y118Bp
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