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Abstract
Insulin is a protein hormone with a pivotal role in the regulation of numerous
metabolic processes. Malfunction of insulin secretion or reduced sensitivity of the
insulin receptor to its native ligand are the main reasons for diabetes mellitus.
Recombinant technologies allow the large-scale production of some insulin variants,
providing a treatment for millions of patients who rely on the daily administration of
the hormone.
The marketed insulin products are life-saving for the people living with diabetes,
however they are not able to restore completely the healthy glucose metabolism.
Mutations in the protein sequence or chemical modifications could improve the
therapeutical properties of human insulin.
Insulin is a small protein (51 amino acid residues), constructed from two peptidic
chains (A- and B-chain) that are held together by two interchain and one intrachain
disulfide bonds in its folded state. This unique structure makes insulin a challenging
target for classical synthetic approaches.
Inspired by the biosynthesis of insulin, we developed a general method for the
chemical synthesis of insulin variants. We utilized a short, traceless prosthetic
C-peptide for facile folding of linear insulin intermediates; the folding precursors were
assembled by α-ketoacid–hydroxylamine (KAHA) ligation.
The first part of the dissertation focuses on the development of the synthetic
platform for insulin. The KAHA ligation proved to be very efficient in assembling the
highly hydrophobic linear insulin variants. The applied prosthetic C-peptide made it
possible to form of the disulfide bonds in a controlled fashion. Using our synthetic
methodology towards insulin we generated four different variants of the protein
(Glargine – M2, human, mouse, guinea pig) and were pleased to find that the
synthetic proteins possessed comparable biological activities to a recombinant
reference compound.
The KAHA ligation based on the (S)-5-oxaproline monomer proved to be a powerful
tool for protein synthesis. In order to further expand the scope of the reaction, new
hydroxylamine monomers were investigated.
In the following chapter we successfully applied the natural aspartic acid-yielding
(S)-4,4-difluoro-5-oxaproline hydroxylamine monomer on the synthesis of a different
III

Glargine – M2 insulin variant. We were pleased to see that the new monomer could
operate under standard KAHA ligation conditions (DMSO/H2O with 0.1 M oxalic acid)
and yield the ligated peptide in a comparable yield to the (S)-5-oxaproline monomer.
The last part of the thesis describes the synthesis of an insulin variant containing a
hydroxylamine moiety on the side chain of the incorporated ornithine residue that
readily underwent potassium acyltrifluoroborate (KAT) ligation. By taking advantage
of the incorporated hydroxylamine handle, we could access rhodamine-labeled,
PEGylated and dimerized insulins by KAT ligation.
The synthetic platform developed for insulin proved to be useful for the synthesis of
several biologically active insulin variants – regardless the changes in the amino acid
sequence. Furthermore the method enabled the incorporation of non-canonical
amino acid building blocks for late-stage functionalization of the folded protein.
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Zusammenfassung
Insulin

ist

ein

Proteohormon,

welches

eine

zentrale

Rolle

in

vielen

Stoffwechselprozessen spielt. Eine Störung der Insulinausschütung oder eine
verringerte Empfindlichkeit des Insulinrezeptors gegenüber seinem nativen Liganden
sind Hauptgründe für Diabetes mellitus. Millionen von Patienten sind täglich auf
Insulinpräparate angewiesen. Diese großtechnischen Mengen werden mit Hilfe
rekombinanter DNA-Technik hergestellt. Auf dem Markt erhältliche Insulinpräparate
sind für Diabetiker lebensnotwendig, allerdings sind diese Medikamente nicht in der
Lage einen gesunden Glucose-Stoffwechsel wiederherzustellen. Durch Mutationen in
der Sequenz des Proteins oder durch chemische Modifikationen können die
therapeutischen Eigenschaften verbessert werden.
Insulin ist ein relativ kleines Protein (51 Aminosäuren), welches aus zwei
Peptidsträngen besteht. Die Peptidstränge werden von zwei intermolekularen, sowie
einer intramolekularen Disulfidbildung im gefalteten Zustand zusammengehalten.
Aufgrund dieser dimeren Struktur ist es relativ schwierig dieses Protein durch
klassische Methoden chemisch zu synthesizern. Inspiriert durch die Biosynthese von
Insulin, entwickelten wir eine generelle Methode für die Synthese von Insulin und
verschiedenster Derivate davon. Für die Faltung von Insulin entwickelten wir ein
prothetisches C-Peptid für das lineare Insulin Intermediat. Dieses lineare Insulin
wurde durch α-Ketosäure–hydroxylamin(KAHA) Ligation hergestellt.

In der ersten Hälfte der Dissertation liegt der Schwerpunkt auf der Herstellung
unterschiedlicher Insulin Derivate. Aufgrund der stark hydrophoben Charakter der
linearer Insulin-Vorläufer-Verbindungen ist KAHA Ligation eine sehr effiziente
Methode diese darzustellen. Das verwendete prothetische C-Peptid erlaubte uns die
selektive Formung der gewünschten Disulfide.

Unser genereller Syntheseansatz

erlaubte uns vier verschieden Derivate des Proteins Glargine – M2, Mensch, Maus,
Meerschweinchen

zu

synthetisieren.

Die

synthetischen

Proteine

zeigten

vergleichbare, biologische Aktivität wie die rekombinanten Referenzproteine.
Da sich das (S)-5-oxaproline Monomer, welches in der KAHA Ligation verwendet
wurde, als sehr effizient herausstellte, wurden auch neue Monomere an diesem
System getestet.
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Ein (S)-4,4-Difluoro-5-oxaproline hydroxylamin Monomer wurde an der Synthese
eines Glargine – M2 Insulin Derviates getestet, welches am Ligationsort eine
Asparaginsäure hinterlässt. Das neue Monomere war kompatibel mit Standard KAHA
Ligation Bedingungen (DMSO/H2O mit 0.1 M Oxalsäure) und ergab das
korrespondierende Protein in vergleichbaren Mengen.

Im letzten Teile der Thesis wird die Synthese einer Insulin-Variante mit einem
Ornithinrest beschrieben, welcher eine Hydroxylamin an der Seitenkette enthält.
Dieses kann für eine Kalium Acyltrifluoroborat (KAT) Ligation verwendet werden.
Durch Verwendung der KAT Ligation waren wir in der Lage ein Rhodaminmarkiertes, PEGyliertes und dimerisiertes Insulin zu synthetisieren.
Unser Synthese-Ansatz erlaubte es uns ein Spektrum unterschiedlicher Insulin
Derviate zu erzeugen, welche alle biologisch aktiv sind. Die substituierten
Aminosäuren zeigen keinen Einfluss auf die biologische Aktivität von Insulin. Die
beschriebene

Synthese

erlaubt

es

nicht

kanonische

Aminosäurebausteine

einzuführen, welche für eine Funktionalisierung des bereits gefalteten Proteins
verwendet werden konnten.

.
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CHAPTER 1. Introduction
1.1. Insulin
Insulin – a small protein hormone – has a pivotal role in the regulation of the energy
balance and carbohydrate metabolism of the body.1 The significance of insulin is
illustrated by the fact that three Nobel prizes have been awarded for the work on
insulin. First F. Banting and J. J. R. Macleod received the Nobel Prize in Physiology
or Medicine in 1923 for the discovery of insulin.2 In 1958 F. Sanger was awarded with
the Noble Prize in Chemistry “for his work on the structure of proteins, especially that
of insulin”. 3 Lastly R. Yalow was honored with the Nobel Prize in Physiology or
Medicine “for the development of radioimmunoassays of peptide hormones”.4
The scientific interest for insulin is not only of academic nature; malfunction of the
insulin production in the body or reduced activity on its target receptors are the main
reasons for diabetes mellitus (DM).
Two distinct types of DM have been described:


Type 1 diabetes: also known as juvenile diabetes, the result of the pancreas
not producing sufficient amounts of the hormone. In most cases the cause is
the destruction of the pancreatic islets by the patient’s own immune system.



Type 2 diabetes: is a lowered sensitivity of the cells to insulin, it is typically
associated with obesity.5

Patients suffering from Type 1 diabetes rely heavily on regular administration of
insulin, whereas Type 2 diabetes patients initially treated with first–line medications,
other than insulin, 6 but in the later stages administration of insulin becomes
inevitable.
The World Health Organization (WHO) reported 422 million adults living with
diabetes in 2016. 7 The majority of these cases falls in the category of Type 2
diabetes and are currently most common in developed countries, but a significant
increase in the number of diabetes patients is expected in Asia over the next few
years.8
1
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The constant scientific work on insulin can be attributed to two main factors:
The first is an economic one: The market for insulin is huge and – unfortunately –
always expanding due to the constant increase in number of people affected by
diabetes.
Product

Company

Sales in 2015

Lantus

Sanofi

$ 6.98 bn

NovoLog

Novo Nordisk

$ 3.03 bn

Humalog

Eli Lilly

$ 2.84 bn

Levemir

Novo Nordisk

$ 2.68 bn

Humulin

Eli Lilly

$ 1.30 bn

Table 1. Top selling marketed insulins.

Sanofi, Novo Nordisk and Eli Lilly sold insulin based products in 2015 with the total
value of $16.83 bn.9 The products listed in Table 1 were generating the highest
revenue in their manufacturers whole portfolio.
Unfortunately the effects of insulin therapy are still inferior compared to the
carbohydrate regulatory system of a healthy body. Therefore the second main
motivation for continuous research on insulin and diabetes, is to find and deliver non
native insulins with superior pharmacology.10 Recombinant production enabled the
delivery of insulin in virtually unlimited quantities but the screening and evaluation of
novel, enhanced insulins still relays on the toolbox of synthetic chemistry.
1.1.1. Structural features of insulin

Insulin is a member of a larger group of proteins – the insulin superfamily – present
throughout the animal kingdom and responsible for diverse physiological activities. 11
The most important members of this protein family are insulin, insulin-like growth
factors (IGF) and relaxin. The biological functions of these proteins are very different,
despite the fact that they show very high structural similarity. These proteins exist in
their mature form as heterodimers between A- and B-chains, which are held together
by disulfide bonds (with the exception of IGFs, which are single chain proteins). The
unique disulfide pattern amongst the members of the insulin superfamily is highly

2
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conserved. Two interchain disulfide bonds can be found between the A- and B-chains
and one intrachain disulfide bond is located within the A-chain.

Human insulin

Human Relaxin-2

Human IGF-1

Figure 1. Tertiary structure of some selected proteins of the insulin superfamily

Despite the low homogeneity of the sequences (Table 2.) – with the exception of
the highly conserved cysteine residues and some glycine residues – the tertiary
structure of the proteins in the insulin superfamily shows high similarity (Figure 1.)
and largely due to the hetero-dimeric structure and the three disulfide bonds.

Table 2. The amino acid sequences of some selected proteins of the insulin superfamily.

Despite insulin is a short protein (only 51 amino acid residues), it possesses all the
major secondary structural elements that are commonly found in most proteins.12

Figure 2. The amino acid sequence and secondary structural elements of human insulin.

Two

α-helices

connected

by

β-strand

elements

constitute

A-chain, whereas the main structural feature of the B-chain is an α-helix.

3

the

insulin
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1.1.2. Biosynthesis of insulin

Insulin is synthesized on the β-cell islets of Langerhans in the pancreatic tissue.
The primary function of the β-cells is the production, storage and release of insulin.
The insulin stored in the pancreatic β-cells can always be rapidly released into the
bloodstream to the increase of the blood glucose level.

Scheme 1. Biosynthesis of human insulin.

The biosynthetic precursor of insulin – known as preproinsulin – is synthesized on
the ribosome. At the preproinsulin stage the protein is extended with a signal peptide
(24 residue), which plays an important role of the translocation of the nascent protein
to the endoplasmic reticulum. Furthermore, preproinsulin exists at this stage as a
linear protein, in which the cysteines are still in a reduced state and the A- and
B-chains are connected by the C-peptide (33 residue). Upon cleavage of the signal
peptide, and the formation of the disulfide bonds directed by the C-peptide, proinsulin
is formed. Mature insulin is released and packed into vesicles upon enzymatic
cleavage of the C-peptide.

Scheme 2. The pattern of assembly of insulin monomers to dimers and hexamers.

The freshly synthesized insulin readily associates into dimers and the dimers
further associate to trimers with two dimers units, resulting in a hexameric form of
insulin, which is stabilized by a central zinc ion.13
In response to appropriate signals, for instance increased blood glucose level, the
β-cells release insulin in two phases. In the first phase a rapid insulin release

4
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responds to the elevated blood glucose level, followed by the second phase where
the newly formed vesicles slowly release insulin for lowering the blood glucose level.
1.1.3. Mechanism of action

The most important metabolic role of insulin is to regulate glucose homeostasis,
along with its antagonistic partner, glucagone. These two peptide hormones are
major players in the regulation of the blood glucose level (Figure 3).14
Glucagon regulates two major processes: glycogenolysis, the breakdown of
glycogen to glucose, and gluconeogenesis, the synthesis of glucose from
non-carbohydrates. These two pathways and the intestinal absorption of glucose
lead to the increase of the blood glucose level.

Figure 3. Modulation of glucose homeostasis by insulin or glucagon release.

The role of insulin is to lower the amount of glucose circulating in the bloodstream.
This is realized in three ways: insulin signals the cells of diverse tissues to increase
the glucose uptake; promotes glycogenesis, which is the storage of glucose, and
finally inhibits the secretion of glucagon.
In addition to the pivotal role of insulin on the regulation of the glucose level, it also
stimulates the cellular uptake of amino acids and fatty acids, influencing protein and
lipid synthesis.15
Several studies have been carried out to understand the interaction of insulin with
its receptor.16-20 Analyses have indicated that residues GlyA1, GlnA5, TyrA19, AsnA21,
ValB12, TyrB16, GlyB23, PheB24 and PheB25 are of importance during receptor binding.
5

1. Introduction

Scheme 3. Simplified representation of insulin engaging its receptor. a) Structural change of insulin
prior receptor binding b) Arrangement of insulin and its receptor during binding.

Insulin goes through a conformational change during receptor binding. The
C-terminal loop region of the B-chain detaches from the central helix, allowing the
residues ValB12, PheB24 and PheB25 to be in contact with the receptor. Due to this
movement, the hydrophobic core of the protein also becomes accessible too for
receptor binding. 21 The aromatic residues PheB24 and PheB25 play a key role in
initiating the necessary structural changes for receptor binding.
Presumably the required flexibility of the C-terminal region of insulin B-chain on
binding the receptor, is the explanation why single chain insulins or miniproinsulins
where the N-terminal residue of the A chain is covalently attached to the C-terminal
of the B-chain are lack of biological activity.
The insulin receptor is a tyrosin kinase and exists as a dimer of two identical units.
Each unit can be further divided to α- and β-subunits. The two α subunits lie
completely outside the cell, and are therefore accessible for insulin binding. In
contrast the β subunits are located inside the cell. The two α-subunits form together
one binding site for a single insulin molecule.22
The presence of insulin initiates the signaling pathway. The binding of insulin
results in a conformational change of the α-subunits, which is translated to the βsubunits.

6
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Scheme 4. The cellular signaling pathways triggered by insulin receptor binding.

The change in the conformation of the intracellular β-subunits leads to their
phosphorylation by ATP. The phosphorylation of the receptor leads to further
structural changes and initiates further phosphorylation and enzymatic cascade,
which stimulates the vesicles storing glucose transporter type 4 (GLUT4) proteins.
The cascade leads to the diffusion of the GLUT4 proteins to the cell membrane. As a
result of the newly embedded GLUT4 proteins, the transport of glucose into the cell is
allowed.15
1.2. Insulin therapy
After the discovery of insulin, methods to obtain insulin in sufficient quantities and
high purity from animal sources become the primary focus of researchers.
Fortunately such insulins retain their biological activity in humans, but the reliability of
early insulin products were hampered by low purity.5
The dawn of the recombinant DNA technology enabled the large-scale production
of human insulin in reliable quality. 23 Once the obstacles of insulin supply were

7
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removed, researchers turned their attention to longer-acting insulins 24 , 25 and to
alternative delivery systems.26-28

Figure 4. Schematic representation of the relative change in the insulin concentration in the body
during a day.

The major challenge of the insulin therapy is to mimic the natural insulin-releasing
pattern of the healthy pancreas. At meal times the natural insulin secreting pattern
shows a peak or “bolus” phase for a healthy individual, whereas all the other times a
low but continuous insulin level (basal phase) is present (Figure 4).
Unfortunately naturally occuring insulins do not meet these requirements, which led
the researchers to investigate insulins with altered structures (insulin analogues) in
order to enhance their pharmacological properties.
1.2.1. Meal time (fast acting) insulins

Since native human insulin exists in a hexameric form, the time required for the
dissociation to the monomeric form limits the rate at which insulin enters into the
blood stream. Thus, medical application of human insulin after mealtimes result in a
delayed and unnecessarily long response to the elevated blood glucose level which
potentially increases the risk of hypoglycemia.
The fine-tuning of the association properties of different insulins can be freely tuned
by the replacement or exchange of some amino acid residues without compromising
the receptor binding, was of great importance and led to a variety of successfullymarketed fast acting insulin analogues.29

8
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The careful replacement of particular amino acid residues also weakened the selfassociation

properties

of

insulin

and

could

effectively

influence

the

monomer:hexamer ratio. Some examples of the approved fast acting insulins are
shown in Table 3. with the introduced mutations highlighted.
1.2.2. Basal (long acting) insulins

In type 1 diabetes, the most important medical challenge is to stabilize the fasting
glucose level with long-acting insulin preparations in order to avoid hyperglycemia.
To achieve complete glycemic control the basal insulin therapy is typically combined
with meal time insulins. In type 2 diabetes the therapy often consists only of a long
acting insulin, since in many cases the pancreas is still capable of controlling the
elevated glucose level after meal time.

Table 3. Sequences of most widely used medical insulin preparations.

To achieve prolonged action profile, two different chemical approaches were
followed. First the isoelectric point of insulin was increased compared to native
insulin, resulting good solubility at low pH values but reduced solubility at the site of
injection, leading to a extended time of absorption of insulin into the blood stream.
The second strategy was to equip the insulin with long apolar fatty acid chains, to
increase the serum albumin binding, thus achieving prolonged action profile.
Approved long acting insulin analogues are listed in Table 3.30
1.2.3. Novel or experimental insulins

The lifesaving nature of insulin treatment for diabetic patients is unquestionable, but
unfortunately the current insulin therapy suffers from some serious disadvantages.

9
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The major issues of insulin therapy are its low therapeutic index 31 and the
inconsistent therapeutic action from dose to dose and from patient to patient. 32
Furthermore due to the invasive nature of insulin therapy, the patient convenience
remains low.33
In order to improve the life quality of patients suffering from diabetes, new
directions

in

classical

insulin

therapy

are

under

constant

investigation.

With the help of synthetic chemistry non-canonic amino acids or other molecules,
functionalities can be incorporated into insulin, to further tune its pharmacokinetic
properties.
Novo Nordisk developed a fatty-acylated insulin (degludec) showing increased
blood albumin binding, thus prolonged therapeutic effect. 34 Eli Lilly released an
insulin-PEG conjugate (20 kDa) for extended action profile due to its increased
hydrodynamic volume.35
The insulin receptor exists in two very similar isoforms, insulin receptor isoform A
(IRA) and insulin receptor isoform B (IRB). 36 The expression levels of the two
isoforms are different in various types of tissues and they are associated with
differentiated biological functions. Thus development of isoform-selective insulins
could potentially result in an improved glucose management. Novo Nordisk has
recently disclosed two insulin analogues preferring one isoform over the other.37
Insulins equipped with phenyl boronic acid (PBA) moieties display glucose-sensing
behavior and show superior meal-time glucose management. Combinations of PBAs
and fatty acid chains can lead to prolonged half-life combined with glucose
responsive properties. The fatty acid increases the serum albumin binding, leading to
a steady concentration of insulin in the blood, whereas upon conjugation with
glucose, the negative charge is stabilized on the boronic acid, leading to reduced
plasma binding (Scheme 5).38
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Scheme 5. The concept of glucose sensing insulin variants.

Based on the interaction of PBAs and glucose various glucose, mediated insulinreleasing systems have been investigated.39
The holy grail of the insulin therapy is finding reliable insulin preparations, that can
be applied in a non-invasive fashion. Despite the enormous pharmacological and
technical obstacles to be overcome, the search for non-injectable delivery methods
remains uninterrupted.
Recently inhalable insulins appeared on the market. Pfizer introduced the first
known pulmonary insulin, but shortly after FDA approval the product was withdrawn
(in 2007) from the market due to the possible immunogenic side effects. Since 2014
Sanofi is marketing an inhalable insulin variant under the trade name Afrezza.40
Despite the higher convenience of inhalable insulins compared to injectable forms the
sales of pulmonary insulins are still far behind, that of the classical injectable
formulations.
The possibilities of nasal and oral applications are constantly being considered, due
to the superior patient convenience. Nonetheless, the obstacles to overcome for
successful nasal or oral delivery are significant. The low resistance of insulin to
gastric acid and proteases requires sophisticated delivery systems, and the
suboptimal absorption properties of insulin have to be tuned by absorption enhancing
additives. Additionally, the possible effects on the site of absorption due to high
insulin concentration must also be taken under consideration.
Since insulin plays a key role in diabetes therapy, the constant search for the
perfect insulin will continue. Finding insulins with superior therapeutic profile requires
synthetic organic chemistry.
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1.3. Reported chemical syntheses of insulin
Recombinant protein expression can deliver insulin in unlimited quantities, but the
systematic search for novel insulins can be only accomplished by a reliable and
flexible chemical total synthesis.
Despite insulin being a rather short protein, there are several factors hampering the
chemical synthesis of insulin. The main synthetic challenge for insulin is the efficient
formation of the correct disulfide pattern. The correct formation of disulfides in the
biosynthesis is aided by the C peptide. Although this is very efficient, the chemical
synthesis of the proinsulin is not feasible, not to mention the synthetic difficulties
accessing a peptide of 81 residues. Accessing long, single chain insulin variants is
already pushing the boundaries of classical solid phase peptide synthesis (SPPS).
Even though this length is now possible, the very poor solubility of linear insulins
further challenges the synthetic chemists. Combinations of sophisticated synthetic
approaches, ligation techniques and purification methods have been applied to
establish varieties of insulins.
1.3.1. Classical approaches

The very first synthetic success towards insulin was achieved by the Katsoyannis
group in 1963 by a semi-synthetic approach. Katsoyannis et. al. successfully
reconstituted biologically active insulins from synthetic A-chains and B-chains from
natural sources.41
In the same year the Zahn group reported the solution phase synthesis of the
individual chains of insulin, which upon chain combination yielded biologically active
sheep insulin. 42 Shortly after this in 1964, Katsoyannis et. al. 43 and in 1965 a
Chinese research44 group reported similar approaches for insulin synthesis, based on
classical fragment condensation approach. The novelty of their approach was the
application of S-sulfonate groups for temporary protection of the cysteines during
purification.
Finally, in 1966 Merrifield reported the application of the newly developed solid
phase peptide synthesis of the preparation of the insulin A- and B-chains, which he
combined by simple mixing the two chain in a basic buffer to obtain insulin.45
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The main drawback of all the above mentioned syntheses was the very low yield
during chain combination. To address this problem in 1976 Sieber and coworkers
pioneered a fundamentally new approach (Scheme 6).46

Scheme 6. Total synthesis of insulin by combination of fragment condensation and sequential
formation of disulfides.

The combination of the fragment condensation approach with the sequential
formation of the disulfides successfully provided insulin. The main limitations of this
approach are the complicated protecting group strategy and the significant
racemization during the condensation of the fragments.
The advances in the field of SPPS and HPLCs made it possible to produce the
chains of insulin in significant quantities by SPPS without too much difficulty. Several
groups have developed similar solution to central the question of the insulin synthesis
stayed the efficient and precise chain combination.
A research group at Eli Lilly reported a synthesis of human insulin in 2013. The
disulfide bonds between the independently prepared chains were sequentially formed
in a controlled fashion by the application of orthogonally protected cysteine residues
(Scheme 7).47
In order to improve the poor solubility of synthetic insulin intermediates, the Mezo
group incorporated isoacyl peptides into the protein.48
Later, the Mezo group again reported a iodine free approach to the sequential
formation of the disulfide bonds of the insulin, avoiding the unwanted iodination of the
tyrosine residues during Acm deprotection, by replacing the Acm groups with
enzymatically cleavable S-phenylacetamidomethyl (Phacm) groups.49
13

1. Introduction

Scheme 7. Total synthesis of insulin by sequential formation of the disulfide bonds.

In 2009 the Wade group have successfully applied the sequential formation of
disulfide bonds and addressed the low solubility of insulin at the same time with the
introduction of a temporary solubilizing tag for the synthesis of insulin glargine.50
These elegant methods have made possible to access some insulins with reliable
synthetic methods, but often require a complicated, orthogonal protecting group
strategy for the cysteine residues
A research group from Novo Nordisk made an important discovery, realizing that
shortened proinsulins (miniproinsulins), readily fold under appropriate conditions into
the native structure (Scheme 8). The directing effect of the C peptide can be
achieved with a shorter peptide sequence. The major obstacle the research group
encountered with was the extremely low solubility of miniproinsulin variants. They
had to introduce several additional polar residues in order to temporarily increase the
solubility of the folding precursors during the folding and to improve the recovery form
the HPLC purification steps. In the final step desThrB30 insulin was obtained upon
enzyme-catalyzed cleavage of the C peptide surrogate.
The major limitation of this approach is the need for specific enzymatic cleavage
sites, which reduces the flexibility of the synthesis. Furthermore the preparation and
handling of miniproinsulins is very difficult.
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Scheme 8. Total synthesis of insulin by the miniproinsulin approach.

In 2014 the DiMarchi group also published a similar route, where they prepared
linear folding precursors by covalently attaching the C-terminus of the B-chain to the
N-terminus of the A-chain. 51 The folding precursor was prepared by standard
Fmoc-SPPS, but its purification and characterization was impossible due to the
extremely poor solubility. The folding was successfully carried out, proving that even
a zero length C-peptide can efficiently direct the folding.
1.3.2. Insulin syntheses by ligation techniques

The direct preparation of single chain insulins proved to be challenging and their
isolation was in some cases even impossible. To circumvent the problems occurring
during the synthesis of very long proteins, several ligation techniques have been
established. These enable the efficient preparation of long proteins from shorter,
easy to access peptide segments.52,53
First the Kent group reported the application of oxime-forming ligation to obtain a
shortened miniproinsulin precursor in 2009. SPPS allowed the synthesis of peptide
segments extended with some amino acid residues as spacers and equipped with
the necessary functionalities for the oxime-forming ligation (Scheme 9.).
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Scheme 9. Chemical synthesis of insulin lispro through miniproinsulin approach by oxime-forming
ligation.

The single chain insulin was converted during folding to a miniproinsulin analogue,
which upon enzymatic cleavage converted to insulin lispro.54
With Kent’s approach, based on the assembling of linear folding precursors from
shorter peptide segments, the feasibility of this new, miniporinsulin approach has
been successfully demonstrated. The key intermediate of the synthesis, the linear
folding precursor can be efficiently accessed by the oxime-forming ligation.
Limitations of the approach includes the relatively complicated chemical tether
replacing the C peptide, but more importantly the fact that the synthesis is only
limited to lispro analogues due to the necessary enzymatic cleavage in the final step
of the synthesis.
In 2010 and 2013, the Kent group again published a similar approach (Scheme
10.), this time based on an ester linked folding precursor, which was prepared by
native chemical ligation (NCL).55,56 The ester bond between the side chains of GluA4
and ThrB30 served as a chemical tether, enabling the correct disulfide pairing during
folding.
The required peptide segments were again prepared by SPPS, one of them already
containing the intrachain ester bond. The key intermediate was assembled by
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sequential NCL and folded to give ester insulin, which upon saponification lead to the
desired insulin variant.

Scheme 10. Folding of ester insulin, assembled by sequential NCL.

This approach provided access to a variety of different insulins, however the
incorporation of the ester bond required complicated building blocks and a
sophisticated SPPS strategy was required to prepare peptide segments.
Finally, in 2017 DiMarchi et. al. published an elegant insulin synthesis based on the
assembly of the unfolded linear insulin by an oxime-forming ligation (Scheme 11).57
Insulin A- and B-chains were prepared by standard Fmoc SPPS and extended with
the necessary functionalities for oxime-forming ligation and base-labile cleavage
sites.

Scheme 11. Folding of shortened proinsulin, assembled by oxime-forming ligation.
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After formation of the disulfide bonds, controlled by the chemical C-peptide mimetic,
treatment with aqueous base resulted in the desired insulin by ester hydrolysis and
diketopiperazine (DKP) formation.
The major advantage of this route was the high tolerance for mutations in the amino
acid sequence. However the synthesis was somewhat complicated by the need for
special building blocks.
1.3.3. Conclusions

Since the discovery of insulin, remarkable developments in the field of biology and
chemistry have made it possible to provide the patients with a life saving insulin
therapy and constantly improve their quality of life by finding better performing
insulins. To successfully discover insulins with superior or fine tuned pharmacological
properties, we rely on the toolbox of synthetic chemistry. This allows the generation
of novel insulin mutants, the incorporation of non-natural building blocks and
conjugation of (bio)macromolecules to improve stability, aid its delivery, or tune
physicochemical properties on demand.
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1.4. Peptide chemistry
Since the first synthetically prepared dipeptide by Emil Fischer in 1903, peptide
chemistry

has

witnessed

a

remarkable

development

and

numerous

new

amide bond-forming reactions have been developed, enabling the synthesis of
proteins.58,59
1.4.1. Synthesis of shorter peptides and proteins

Forming amide bond directly from carboxylic acid and amine functionalities requires
harsh reaction conditions (very high temperature). The development of efficient
coupling reagents enabled straightforward synthesis of new amide bond by the
activation of the carboxylic acid reaction partner (Scheme 12 a).60

Scheme 12. a) Amide bond formation with coupling reagents b) Application of temporary and
permanent protecting groups during dipeptide formation c) Workflow of solution phase peptide
synthesis (SPS) d) Workflow of solid phase peptide synthesis e) Commonly used protecting groups
during Fmoc SPPS f) Commonly used linkers functionalizing the solid support during SPPS.
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To avoid the formation of isopeptides or other side reactions arising from the
competing reactivity of the amino acid side chains during the coupling reaction, the
application of various protecting groups of the side chain functionalities is necessary
in order to obtain a homogenous product. Furthermore, the protection of the
N-terminal amino group and the C-terminal carboxylic acid of the peptide being
formed is necessary during the amide bond coupling to avoid the formation of
unwanted oligopeptides (Scheme 12 b).61
In order to form large peptides, one has to perform the coupling steps of new amino
acid building blocks in a repetitive fashion, and therefore the employment of
protecting groups is necessary. The side chain functionalities and the carboxylic acid
on the C-terminus of the growing peptide chain has to be permanently protected
during the course of the synthesis, and should be unmasked, once the synthesis is
complete, in contrast the protecting group on the N-terminal amine functionality has
to be only temporary, it is removed prior to each coupling cycle (Scheme 12 c).
Performing

peptide

synthesis

in

the

solution

phase

fashion

is

termed

Solution-phase Peptide Synthesis (SPS). This approach can provide peptides in
greater quantities, but the necessity to isolate and purify the product after each
coupling renders the synthesis very tedious. Furthermore, in many cases the
application of excess reagents is beneficial for the synthesis, but makes the
purification steps difficult. Another major limitation of the SPS is low solubility of large,
fully protected peptides.
Merrifield’s extraordinary innovation of introducing a solid support for the first amino
acid residue, and performing the synthesis on solid phase, has revolutionized the
field of peptide chemistry. 62 The newly employed Solid-phase Peptide Synthesis
(SPPS) (Scheme 12 d) has three major advantages:
•

allows the use excess reagents to reach superior coupling efficiency, since the
unreacted material can be washed away

•

N-terminal deprotection can be performed on resin as well and there is no need to
isolate and purify the synthetic intermediates

•

the only purification takes place after final deprotection of the side chain
functionalities, with concomitant cleavage of the peptide chain from the solid
support
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Two commonly employed strategies have been developed, they are named on the
basis of the employed protecting group on the N-terminus.
First, the tert-butoxycarbonyl / benzyl (Boc/Bzl) strategy was developed for SPPS.63
In this approach the N-terminal amine functionalities are Boc protected, whereas the
side chains are benzyl (or carboxybenzyl) protected. The Boc groups are removed by
TFA treatment, and the side chains are liberated by liquid HF.
As an alternative to the Boc strategy a new approach was developed – primarily to
avoid the safety issues using HF – based on the fluorenylmethyloxycarbonyl
protecting group (Fmoc). 64 In the Fmoc/Boc strategy, the N-terminal amines are
Fmoc protected, and can be liberated by base, whereas the side chains are Boc (or
other acid labile protecting groups) protected and being deprotected simultaneously
during resin cleavage by TFA (Scheme 12 e).
A broad variety of linkers have been developed in order to provide a sufficiently
stable but effectively cleavable connection between the C-terminal residue and the
solid support (Scheme 12 f).65 The peptide chains are typically cleaved from resin
upon TFA treatment at the final deprotection.
Suitable linkers have been investigated to afford free carboxylic acid moieties upon
cleavage (Wang linker, or 2-chlorotrityl linker), or one can generate C-terminal
carboxamides upon release from Rink amide type resins. Furthermore it is also
possible, to cleave fully protected peptides, from highly acid labile resins
(2-chlorotrityl resin).
Theoretically, there would be no limitation regarding the length of the prepared
proteins by SPPS, but in practice accessing a peptide chain consisting of more than
40-50 amino acids is considered difficult or in many cases even impossible. This is
mainly due to the incomplete reactions during couplings, the accumulation of side
products and aggregation of the peptidic chains.66 Nevertheless, some remarkable
synthetic efforts have been undertaken to access some proteins solely by SPPS (e.g.
ribonuclease A and the ubiquitin protein).67,68 Unfortunately most eukaryotic proteins
– the main interests of scientific investigations nowadays – are significantly longer
and are beyond the capabilities of the SPPS.69
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1.4.2. Assembling longer proteins by fragment condensation

A straightforward method for accessing longer proteins is the combination of SPPS
with SPS. Shorter, protected peptide segments can be synthesized on resin, and
cleaved while leaving the side chains protected. The two peptide segments can be
coupled in solution phase, isolated and in the final step the side chain functionalities
can be deprotected by TFA treatment (Scheme 13.).

Scheme 13. Assembling proteins by fragment condensation.

The approach is limited by the poor solubility of the fully protected segments, which
requires to perform the coupling at low concentrations that lead to long reaction
times, furthermore the epimerization of the activated carboxylic acid hampers the
synthesis. 70 Despite these difficulties there are numerous examples of proteins
accessed by condensation of peptide fragments.71,72
1.4.3. Amide bond forming chemical ligation techniques

In order to overcome the limitation of SPPS or SPS the toolbox of the so-called
chemical ligations have been developed.53

Scheme 14. General scheme of amide bond forming chemical ligations.

A reaction is considered to be a chemical ligation, if two reactive groups can
selectively react with each other in the presence of other functional groups. A fast
reaction rate is also required, to allow the – often poorly soluble – reaction partners
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to react in the millimolar concentration regime.73 Finally ligations have to be carried
out under mild conditions, without altering the functional groups or compromising the
stereochemical informations present (Scheme 14.).
Native Chemical Ligation (NCL)
Native chemical ligation, developed by Kent et. al. is the nowadays most widely
used technique to synthetically assemble large proteins.74

Scheme 15. Native Chemical Ligation.

NCL proceeds highly chemoselectively under buffered aqueous conditions, initially
a reversible transthioesterification of the thioester moiety with the N-terminal
cysteine, which is followed by an irreversible S to N shift, leading to the formation of a
new amide bond.
NCL is limited by the sensitivity of the thioester group, which becomes unstable at
higher pH values, whereas at lower pH the nucleophilicity of the thiol group of
cysteine is reduced.
Initially NCL was limited to Boc-SPPS to obtain peptides with C-terminal thioester
groups, but recently novel methods emerged to generate thioesters from peptides
prepared by Fmoc-SPPS.75-77 Moreover the abundance of cysteine residues is only
1.7% of all residues in proteins 78 , which reduces the applicability of NCL. This
problem can be circumvented by the introduction of removable auxiliary groups79,80
and the desulfurization methods, leading to alanine and other amino acids. 81 , 82
23

1. Introduction
Despite its limitations, NCL remains the most broadly used chemical ligation
technique for assembly of large proteins.
Serine/Threonine Ligation (STL)
Liu et. al. published their work on the development of serine/threonine ligation
(STL) that allows the ligation of peptide segments equipped with C-terminal
salicylaldehyde ester and with peptides having serine or threonine residue on the
N-terminus (Scheme 16.). 83

Scheme 16. Serine/Threonine ligation.

The reaction proceeds through the formation of the N, O-acetal intermediate, that
can be cleaved by TFA treatment.
The method is unfortunately incompatible with C-terminal lysine, aspartic or
glutamic acid residue containing peptides, but still provides more synthetic flexibility
compared to NCL as the abundance of threonine and serine residues is significantly
higher than that of cysteine.
Despite its limitations, STL is a very useful synthetic tool as it offers alternative
ligation sites, enabling the synthesis of proteins that would not be possible by NCL.
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α–Ketoacid–Hydroxylamine Ligation (KAHA)
The KAHA ligation was reported by Bode et. al. in 2006 as an amide yielding
reaction of N–hydroxylamines (HA) with α−ketoacids (KA).84,85

Scheme 17. a) General scheme of α–ketoacid-hydroxylamine ligation b) Proposed mechanism of
α–Ketoacid-hydroxylamine ligation with 5-(S) oxaproline.

Several Fmoc–α−keto amino acids have developed, as convenient building blocks
during Fmoc-SPPS, enabling the facile synthesis of the peptide segments with
α−ketoacid moiety at their C-terminus.86,87
A handful of N–hydroxylamines were examined as ligation partners, in terms of
stability during ligation and reaction rate. 88 The five-membered 5-oxaproline and
4-ethoxy-5-oxaproline building blocks showed an optimal balance between these
factors.89,90 The first one results in a homoserine residue, and the second one an
aspartyl aldehyde residue at the ligation site. Four-membered, serine resulting cyclic
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hydroxylamine was also reported, which offers excellent reactivity during ligation, but
hampered by low stability.91
Overall the 5-oxaproline based KAHA ligations proved to be so far the most
successful. The excellent stability and reactivity of the 5-oxaproline allowed the
successful chemical synthesis of several biologically active proteins.84
The main advantage offered by KAHA ligation, is the possibility the use of organic
solvents (NMP, DMSO) at acidic pH (typically 0.1 M oxalic acid) that have excellent
solubilizing properties for large, in many case very hydrophobic peptides, at 15 to
20 mM concentration range. 92 Further advantage of the KAHA ligation is the
formation of stabile depsi-peptide intermediates that can enhance the solubility and
HPLC recovery during the synthesis and which can be rearranged to the
corresponding amide by treatment with aqueous base on demand.93
The development of orthogonal protecting groups for the α-ketoacid and
hydroxylamine building blocks allowed the chemical synthesis of large proteins by
sequential KAHA ligation.94
1.4.4. Conclusion

The chemical protein synthesis is offers a powerful toolbox for investigating
biological processes and finding and developing proteins with therapeutic
applications.
The constantly involving techniques are pushing the boundaries of the possible
synthetic targets. Finding new methods and combining already existing ones can
allow us to synthesize proteins beyond previously inaccessible lengths.
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CHAPTER 2. Chemical synthesis of insulin variants
2.1. Introduction
Despite the manifold difficulties arising during the total chemical synthesis of insulin
and its variants, the interest to find novel synthetic routes towards insulin and its
variants persists. This can be well illustrated by the numerous different synthetic
approaches towards insulin (reviewed in Chapter 1).
The main objective motivating scientists for the constant work on insulin is to find a
flexible synthesis that can provide a tool for rapidly accessing any novel insulin
variants on demand for pharmaceutical companies, without relying on recombinant
methods.
Three major obstacles can be identified regarding the chemical synthesis of insulin:
•

The inefficient formation of the correct disulfide pattern

•

Low solubility and difficulty in handling the synthetic intermediates

•

The synthesis routes being inflexible towards mutations/variants

The works published by Kent54,55 and DiMarchi57 have well demonstrated that the
correct disulfide bond pattern can be accessed from linear insulin precursors. The
key feature of these approaches was to take advantage of the directing ability of a
C-peptide surrogate during the folding. It also has been shown that the beneficial
effect of the C-peptide surrogate is independent from its chemical structure.
The application of isoacyl peptides48 or cationic solubilizing tags50 proved to
efficiently improve the handling and increase the solubility of intermediates of the
insulin synthesis.
Most synthetic routes suffer limitations in regard of the tolerance for mutations. This
arises from either the reliance on non-flexible enzymatic cleavage sites51,54 or
complicated preparation of the folding precursors55,56 which hampers the synthesis.
The recently disclosed synthesis by DiMarchi et. al.
mentioned issues at the same time.
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2.2. Basis of the investigations
In this thesis we describe a convergent method to access insulin and its variants.
The basis of our investigation was the work of Brandenburg et. al.95,96 Brandenburg
realized that the distance between the α−amino group of GlyA1 and ε−amino group
of LysB29 are in close proximity and could be connected by a short bifunctional
linker, to result in a folded single chain insulin.

Scheme 18. Crosslinking of bovine insulin allows the reconstitution of the native disulfide pattern after
denaturation.

Using activated adipic acid, Brandenburg could chemically connect the two chains
of bovine insulin (Scheme 18.). The covalent bond between the A- and B-chains
(prosthetic C-peptide) allowed the reduction of the disulfide bonds without complete
dissociation of the two peptide domains. The key finding of Brandenburg’s work was
that this covalent linkage between the α−amino group of GlyA1 and ε−amino group
of LysB29 could play the role of the C-peptide and efficiently direct the refolding of
the reduced linear insulin into its natural disulfide bond pattern.
Later Obermeier et. al. continued the research based on Brandenburg’s results and
reported a removable bifunctional reagent, that can covalently connect the two chains
of insulin, to allow unfolding and successful refolding.97 The bifunctional sulfone type
reagent, used by Obermeier was based on a base labile amine protecting group.98
The treatment of bovine insulin with Obermeier’s reagent, resulted in a folded linear
insulin, that could be reduced – using Brandenburg’s conditions – providing reduced
linear insulin. The refolding of the peptide led to the formation of the correct disulfide
bond pattern, due to the tethering effect of the prosthetic C-peptide. Upon basic
treatment, the prosthetic C-peptide was removed without any traces and the peptide
regained its biological activity (Scheme 19.).
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Scheme 19. Crosslinking of bovine insulin with cleavable checmical linker that directs the
reconstitution of the native disulfide pattern.

Chemically linking the α−amino group of GlyA1 and ε−amino group of LysB29 by a
short traceless prosthetic C-peptide is a very promising strategy, but – to the best of
our knowledge – it was only applied on insulins from biological sources, and was
never used in chemical synthesis of insulins.
2.3. Design of the synthesis
To successfully address the first challenge of the insulin synthesis, the efficient
formation of the correct disulfide pattern, we designed a synthetic route for insulin
utilizing the short prosthetic C-peptide proposed by Brandenburg and Obermeier.
This required the chemical synthesis of a linear insulin (B-chain – prosthetic
C-peptide – A-chain) as the folding precursor.
Unfolded insulins are known to be very insoluble, and the chemical synthesis of
linear (single chain) insulins by Fmoc-SPPS is very difficult51 We therefore aimed for
the synthesis of two similarly sized peptide segments, that can be ligated to a linear
single chain insulin by KAHA ligation. KAHA ligation has been shown to be very
efficient assembling long hydrophobic proteins.92 Thus, the expected low solubility of
synthetic intermediates could be accounted for.
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Scheme 20. a) Synthetic strategy towards insulin variants by KAHA ligation and with the help of a
prosthetic C-peptide. b) Structures of applied prosthetic C-peptides.

Finally the approach would be flexible enough, to provide access to different
insulins, hence the only limitations of the synthesis are:
•

The requirement of a Lys residue in the C-terminal region of the B chain (this
is fulfilled by most known insulins)

•

A suitable site for KAHA ligation (the already reported α-keoacids and
hydroxylamines,87,88 offer a high flexibility for choosing an optimal ligation
site)

According to the above listed considerations, we decided to dissect our key
intermediate, the linear insulin (Scheme 20. a) in the C-terminal region of the B-chain
for two reasons:
•

This disconnection would lead to two similarly sized peptide segment
(α-ketoacid segment and 5-(S)-oxaproline (Opr) segment), that could be
accessed by standard Fmoc-SPPS and ligated together to result in the linear
insulin.

•

Placing the ligation site between the TyrB26 and ThrB27 would result in a
ThrB27Hse mutation. Thr to Hse mutations in loop regions have been
already proven to show no detrimental effect on the biological activity of the
synthetic protein.85
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Upon folding of the linear insulin and removal of the prosthetic C-peptide, folded
insulins could be obtained.
2.4. Preliminary studies
In order to establish the synthetic route without having to worry about the premature
cleavage of the C-peptide, we decided to first employ a non-cleavable (ether instead
of sulfone type) C-peptide (Scheme 20. b). Our rationale was, that such a linker
would have comparable directing effects during peptide folding, and once the
feasibility of the approach is proven, can be easily replaced with the cleavable
C-peptide.
2.4.1. Synthesis of non-cleavable C-peptide

In order to enable the incorporation of the C-peptide by Fmoc-SPPS into the Opr
segment (Scheme 20. a), we have designed a building block for Fmoc-SPPS that
incorporates the C-peptide and can readily attached to the growing peptide chain
under standard Fmoc-SPPS conditions (Scheme 21).

Scheme 21. Design of the non-cleavable C-peptide building block.

We designed the C-peptide building block in the form of a Fmoc-dipeptide:
The α-amino group of LysB29 is Fmoc protected, its α-carboxylic acid group is PMB
protected (upon TFA deprotection leading to desB30 insulin variants) and its ε-amino
group is connected via the prosthetic C-peptide to the α-amino group of the GlyA1.
The α-carboxylic acid group of the GlyA1 is unprotected, allowing the coupling of the
building block by Fmoc-SPPS onto the growing peptide chain. After attaching the
building block on the peptidyl-resin and standard Fmoc deprotection the SPPS can
be continued to finalize the Opr segment.
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This incorporation non-cleavable building block (8) results in desB30 insulins, due
to the missing amino acid residue at B30 site.

Scheme 22. Synthesis of the non-cleavable C-peptide building block.

To reduce the synthetic overhead, we used commercially available starting
materials and Fmoc-L-amino acids for the synthesis of the non-cleavable C-peptide
building block (linker) (8).
We initiated the synthesis with the activation of bis(2-hydroxyethyl) ether by
4-nitrophenyl chloroformate in the presence of N-methylmorpholine (NMM) and after
flash column chromatography obtain the bifunctional reagent 1 in similar yields as
published for Brandenburg’s analogous compound.99
H-Gly-OAllyl (3) was obtained from Boc-Gly-OH in two steps in good yield, without
the need for purifications.
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In the reaction of H-Gly-OAllyl (3) with the bifunctional reagent 1 the yield stayed
low as expected, due to the side product, formed by double addition of the
H-Gly-OAllyl (3) additionally some unreacted starting material was also observed.
In order to access a fully protected backbone, but side chain free lysine derivative,
first we esterified Fmoc-Lys(Alloc)-OH with 4-methoxybenzyl alcohol (PMB) under
Steglich conditions with EDCI coupling reagent; the Alloc group was then removed
form the ε-amino group of the lysine. During this step extra caution had to be taken,
to avoid the deprotection of the Fmoc group by the free ε-amino group of the
lysine.100 The addition of excess acetic acid during Alloc deprotection suppressed
this side reaction. Due to the very polar nature of 6, it was used in the reaction with 4
without purification yielding the Allyl ester protected form of the C-peptide building
block, which was transformed under standard allyl deprotection conditions to the final
product (8).
2.4.2. Initial trials for segment synthesis and KAHA ligation

At the time of our initial studies the synthesis for Fmoc–Tyr–α–ketoacid building
block was not established yet,86,87 therefore the in our first experiments we introduced
the TyrB26Phe mutation at the ligation site.
Already at the beginning of our synthetic efforts we have encountered difficulties to
access the Opr segment. The synthesis could be only performed on Chem Matrix®
(CM) resin, due to the tendency of the growing peptide chains during SPPS for
aggregation, leading to incomplete deprotection and coupling cycles. Furthermore for
efficient resin loading and to avoid aspartimide formation we chose the side chain
anchoring of the C-terminal AsnA21 residue. This has been achieved by the coupling
of

Fmoc-Asp(OH)OtBu

to

rink

amide

resin,

which

results

in

C-terminal Asn residue upon TFA cleavage.101 The SPPS was further improved by
the introduction of pseudoproline dipeptides.102 ThrA8 and SerA9 were introduced as
Fmoc-Thr-Ser(ΨMe,MePro)-OH building block.
After cleavage of the Opr segment from resin the crude peptide could not be
purified or characterized, due to the extremely low recovery from the preparative
HPLC, and the constant formation and scrambling of intra- and intermolecular
disulfide bonds, regardless the addition of various reducing agents.
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The synthesis of the α-ketoacid (KA) segment proceeded somewhat more easily,
but the purification and characterization of the segment was hampered by low
solubility and unwanted disulfide bond formation.
Regardless the problems of purifying the peptide segments, test KAHA ligations
were performed with crude Opr segment under a variety of different conditions.
As the peptide synthesis, the KAHA ligation was also affected by the poor solubility
of the segments. At 15 mM peptide concentration (typical for KAHA ligation) neither
DMSO/H2O, N-methylpyrrolidone (NMP)/H2O or aqueous hexafluoro-2-propanol
(HFIP) 103 solvent mixtures were able to solubilize the starting materials. Ligation
product was not detected in any of the cases, typically only the decomposition of the
peptide segments observed.

Scheme 23. Failed approach for the synthesis of linear insulin.

In order to address the uncontrolled formation of disulfide bonds during purification
and KAHA ligation, we decided to keep the cysteine residues protected during
isolation and KAHA ligation. Therefore we selected –StBu groups that offer the
cysteines residues orthogonal protection to SPPS and KAHA ligation, 104 thus
circumventing thiol oxidation or scrambling prior and during segment assembly.
Accordingly we resynthesized the peptide segments, this time with –StBu protected
cysteines. Keeping the thiol functionalities have avoided their unwanted oxidation, but
the additional protecting groups further reduced the solubility of the peptide
segments, thus the feasible purification by preparative HPLC was impossible.
This time the ligation could be successfully performed in DMSO: H2O = 9:1 mixture
with unpurified peptide segments. The reaction mixture formed a dense gel. Due to
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the further lowered solubility by the –StBu groups, only traces of ligated product
(linear insulin) could be isolated.
Several conditions have been probed, for removal of the –StBu groups from the
linear insulin, but none of them were successful.105
Various reducing agents have been reported for reduction of cysteine side chains.
Dithiothreitol (DTT), tris(2-carboxyethyl)-phosphine hydrochloride (TCEP HCl)106 , 2sulfanylethansulfonic acid sodium salt (MES-Na)107 were reported to work in aqueous
conditions. The failure of these reagents to deprotect the peptide is attributed to the
extremely low solubility of the protein in aqueous buffers, which hindered the
dissolution of the linear insulin in the reducing buffers.
The peptide could be solubilized in organic solvent mixtures (HFIP/CH3CN/H2O) at
higher temperatures, but reducing agents such as PBu3 only led to decomposition of
the peptide.
2.4.3. Conclusions

Based on the experience we gained during our preliminary studies we can state the
following:
•

The synthesis of the peptide segments is possible but the KAHA ligation is
hampered by the hydrophobicity of the peptide segments. In order to render
the purification of the segments and later intermediates feasible, and
improve the ligation, increase in the solubility is necessary

•

The protection of the cysteine residues is required to omit disulfide formation
and scrambling, but the –StBu protecting groups proved to be impossible to
remove

To address these problems, the following measurements have to be done:
•

Removable, polycationic (poly Lys or poly Arg) residues have reported to
enhance the solubility of proteins during synthesis and improve the recovery
from HPLC purification steps108

•

The depsipeptide bond, initially formed during KAHA ligation, should be kept
as long as possible during the synthesis in order to improve the solubility of
the protein.93
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•

As an alternative to the –StBu protecting group for the cysteine side chains,
acetamidomethyl (Acm) groups should be considered. Acm groups are
reported to be removed under strongly acidic conditions that can solubilize
highly hydrophobic peptides well.109
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2.5. Synthesis of model insulin with non-cleavable C-peptide
2.5.1. Synthesis of peptide segments

Based on the conclusions drawn in the previous section we resynthesized the
necessary peptide segments with new features.
We initiated the synthesis of α-ketoacid segment 24 with the newly developed
tyrosine α-ketoacid,87 allowing the introduction of native tyrosine residue at B26
position. The peptide was assembled on ChemMatrix Rink Amide resin by automated
SPPS. The cysteine residues were incorporated as Fmoc-Cys(Acm)-OH amino acid
building blocks by DIC/HOBt coupling. The synthesis was readily scalable and
performed on 0.8 mmol scale. After resin cleavage and purification by preparative
RP-HPLC, 274 mg of purified segment 24 could be obtained with an isolated yield of
11% based on the initial loading of the resin (Scheme 23).

Scheme 24. Acm protected peptide segment with C-terminal tyrosine α-ketoacid.

In accordance with the conclusions from the previous section, the oxaproline
segment (10) was equipped with a hexa-arginine solubilizing tag (Arg-tag) in order to
enhance the solubility. The Arg-tag was attached to the C-terminus of the peptide
segment at AsnA21 residue via the 4-(hydroxymethyl)benzoic acid linker. The SPPS
was carried out on ChemMatrix resin in an automated fashion at 0.5 mmol scale. The
cysteine residues were incorporated with Fmoc-Cys(Acm)-OH amino acid building
blocks by DIC/HOBt coupling.
The C-peptide was incorporated by the coupling of the C-peptide building block 8 to
the segment 10. The introduction of the solubilizing tag and keeping the cysteine
residues protected allowed the purification of the peptide segment by preparative RPHPLC resulting in 451 mg of 10 with an isolated yield of 21 % based on the initial
loading of the resin (Scheme 24).

47

2. Chemical synthesis of insulin variants

Scheme 25. Acm–protected peptide segment with oxaproline on the N-terminus and Arg-tag on the
C-terminus.

2.5.2. Assembling of linear insulin

With the purified α-ketoacid and oxaproline peptide segments in hand we
proceeded to assemble the linear insulin by KAHA ligation.

Scheme 26. a) Synthesis of linear insulin by KAHA ligation. b) HPLC trace of the purified peptide
segments and monitoring the curse of the KAHA ligation. c) HRMS trace of the purified product.

The ligation was carried out in DMSO:H2O (9:1) with 0.1 M oxalic acid. The high
proportion of DMSO combined with the acidic media could readily dissolve the
oxaproline segment. We decided to isolate the depsipeptide 11 and preserve the
additional primary amine to further improve the solubility.
Fortunately we did not observe any formation of a gel, which occurs often in the
case of highly hydrophobic peptides. In order to avoid solubility issues the ligation
was performed at 15 mM concentration, which is considered the lowest feasible
concentration for KAHA ligation. We were pleased to find that the ligation proceeded
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very well and resulted in almost full conversion, without formation any side products
or the decomposition of the starting materials.
The ligation was readily scalable; 133 mg of linear insulin could be isolated with
54% yield after ligation and preparative RP-HPLC purification.
2.5.3. Acm deprotection of the linear insulin

With sufficient quantities of purified linear insulin in hand we proceeded to the
deprotection of the Acm groups. Successful removal of Acm groups have been
reported under in the presence of Ag ions at highly acidic conditions.109,110 The main
advantage of the Acm protecting groups is that acidic conditions during deprotection
are capable of solubilizing the very hydrophobic linear insulin.

Scheme 27. a) Acm-deprotection of linear insulin. b) HPLC trace of the starting material and the
purified product. c) HRMS trace of the purified product.

The peptide was dissolved in 50% aqueous AcOH at low peptide concentrations
(0.5 mM). After complete dissolution of the peptide AgOAc was added, and the
mixture was agitated in the dark for 2 hours at 50 oC. Initially the reaction mixture was
directly injected into preparative RP-HPLC for purification, but the yields were very
poor and a complex mixture of deprotected peptide and its Ag salts were isolated.
We concluded that despite the Acm groups were being removed rapidly, but the
peptide were forming very stable complexes with the Ag ions present in huge excess,
therefore the addition of external thiols was necessary for the formation of free
cysteines.
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Quenching the reaction with excess DTT successfully resulted in the formation of
the fully reduced linear insulin 12. Despite the clean deprotection the yields for the
isolated products stayed low. This was attributed to the poor recovery of the peptide
from the preparative RP-HPLC. Furthermore, upon quenching the reaction with DTT,
insoluble precipitates were formed from AgOAc and DTT. We believe that the low
isolated yield attributed to the formation of the precipitate. In order to increase the
recovery of the product the precipitate was repeatedly suspended and washed with
50% aqueous AcOH. Unfortunately this did not improve the overall yield.
Several conditions were examined as alternatives for quenching and isolating the
product, from the Acm deprotection step. Eluting the crude product on desalting
columns led to loss of the product. Dialyzing the diluted, crude reaction mixture
against aqueous buffers resulted in precipitation of the peptidic compounds. Using
ultra centrifugal filters in order to the remove the inorganic salts did not improve the
recovery – possibly due to the leaching of the peptide into the filtrate, but gave the
product in poorer purity compared to the product isolated by preparative HPLC.
Despite our effort, we could not find an alternative for HPLC purification, thus the
20% isolated yield could not be improved.
2.5.4. Folding of linear insulin

Several conditions were reported for the folding of linear insulins. Typically the
folding takes place between pH 8 and 9 (pKa of cysteine thiol group is 8.18111).
Different buffers were used for folding experiments, such as (NH4)HCO396, Gn HCl –
Tris55 or glycine. In some cases the folding was performed at room temperature
whereas successful foldings were also reported at 4 oC.
Buffer

Redox reagent

pH

1.5 M Gn HCl
Cysteine
10.5
20 mM Tris HCl
Cystine
1.5 M Gn HCl
Cysteine
10.5
20 mM Tris HCl
Cystine
1.5 M Gn HCl
Cysteine
1.5 then
20 mM Tris HCl
Cystine
10.5
First in aq. AcOH
Cysteine
1 then
Then 1.5 M Gn HCl Cystine
10.5
20 mM Tris HCl
Table 4. Initially tried conditions for folding of insulin.
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Purification

Result

Dialysis and
HPLC

Precipitation
No product
Precipitation
No product
Precipitation
No product
Precipitation
No product

HPLC
HPLC
HPLC
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Addition of redox pairs was also necessary for the formation of the
thermodynamically most stable disulfide pattern.

Scheme 28. a) Folding of the single chain insulin. b) HPLC monitoring the course of the folding. c)
HRMS trace of 14. d) HRMS trace of 13.

Initially we tried to perform the folding in 1.5 M guanidine buffer in the presence of
cysteine/cystine redox pair at pH 10.5 without any success at 0.1 mM protein
concentration but with no success. Our experiments were hampered by the low
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solubility of the folding precursor in the buffer. Neither stirring nor agitation at different
temperatures helped to dissolve the protein in the folding buffer. Since the starting
material was insoluble under these conditions, we examined whether a two-step
folding could be feasible.
First, the unfolded protein was dissolved in 1.5 M Gn HCl buffer at low pH (4) then
the pH was adjusted to 10, at this point formation of precipitation was observed. On
analytical RP-HPLC neither product nor starting material could be detected. Similarly,
in other trials the starting material was dissolved in 50% aqueous AcOH and was
added drop-wise into the vigorously stirred folding buffer. However after pH
adjustment the peptide immediately precipitated from the folding buffer.
After the initial failures of the folding studies, we concluded that it is essential to first
solubilize the starting material either in organic solvents or under denaturing
conditions, then later remove them slowly during folding to allow the peptide to take
up its natural structure.
We decided to first dissolve the linear insulin 12 in 6.0 M Gn HCl buffer containing
0.2 M Tris at pH 8.6 under vigorous stirring. After 30 min the solution was dialyzed
against the folding buffer (20.0 mM glycine, 2.0 mM cysteine, pH 10.5) overnight at
4 oC. Despite the significant amount of precipitates formed, we could isolate some
folded peptide.
After overnight folding the reaction mixture was analyzed by analytical RP-HPLC
and a new major peak was observed with an earlier retention time compared to the
starting material. The shift on the HPLC was expected and could be explained by the
change in the polarity of the peptide. In the folded state the apolar side chains of the
amino acids are oriented towards the inside of the folded protein whereas the polar
side chains stay exposed to the solvent.112
The HRMS analysis of the new peaks on the analytical HPLC showed that instead
of the expected folded insulin still conjugated with Arg-tag, two new products had
formed, both of them lacking the Arg-tag. Furthermore the major product formed had
a molecular mass of 18 Da less than expected. The 18 Da difference in the mass
could be explained by loss of water that can occur via an intramolecular attack of the
amide on the AsnA21 side chain on the ester bond of the same residue, forming a
five membered cyclic imide leading to compound 14 as major product. The desired
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folded single chain insulin 13 was observed only as a minor product on the analytical
HPLC and could not be separated on preparative HPLC.
Performing the folding at lower pH values (9 instead of 10) did not reduce the
amount of cyclized product formed. Any other deviation from the established folding
conditions led either to complete precipitation of the protein or no formation of folded
protein at all.
2.5.5. Conclusions

Despite the fact that we did not succeed to isolate the desired folded single chain
insulin, due to the aspartimide formation of residue AsnA21, the key concept of
synthesis worked, the prosthetic C-peptide led to the formation of a folded product.
The observed mass of the product corresponded to the expected value, indicating
successful formation of three disulfide bonds.
The formation of the aspartimide on residue AsnA21 could be avoided either by
mutating the residue to some other amino acid – not prone to cyclization – or by
changing the linkage to the Arg-tag so, that it cleaves under non-basic conditions.
2.6. Synthesis of M2 insulin variant
After the successful application of the non-cleavable C-peptide for folding of single
chain insulins, we turned our attention to the synthesis of folded two chain insulins.
Insulin Glargine (Lantus®, Sanofi) is a marketed, long acting insulin analogue.
Glargine has two additional arginine residues on the C-terminal region of the B-chain
(ArgB31, ArgB32). The additional basic residues results in a change of the isoelectric
point that leads to precipitation at the site of the injection. Furthermore the C-terminal
asparagine is mutated to glycine on the A-chain (AsnA21Gly).113
The major biologically fully active metabolite of Glargine is M2 insulin, which forms
upon the enzymatic cleavage of the three C-terminal amino acid residues (ThrB30,
ArgB31, ArgB31) on the B-chain of Glargine. M2 insulin differs from human insulin
with two mutations (AsnA21Gly, desThrB30) 21 and served us as excellent synthetic
target.
The AsnA21Gly mutation could allow us to employ the base-labile Arg-tag strategy
without having to worry about aspartimide formation. The deletion of ThrB30 residue
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allowed the application of the cleavable, sulfone analogue of the above described
C-peptide.
2.6.1. Synthesis of cleavable C-peptide

Based on the structure of the non-cleavable prosthetic C-peptide, we modified our
C-peptide building block in order to incorporate the base labile moiety (Scheme 29.)

Scheme 29. Design of the cleavable C-peptide building block.

As the non-cleavable variant, its base labile analogue was designed to be
compatible with Fmoc-SPPS as well. The synthetic route was modified accordingly in
or to incorporate the base cleavable moiety. The synthesis proceeded similarly as by
the non-cleavable building block. Intermediates 3 and 6 could be prepared and used
in the same way as described above.
During couplings of the Gly (3) and Lys (18) derivatives to the activated carbamate
containing intermediates (16 and 17), the isolated yields were lower than the
analogous reactions, described for the non-cleavable C-peptide. We believe this was
due to the sensitivity of the intermediates to bases that results in decomposition of
the product via β-elimination. Furthermore the presence of the sulfone groups
significantly increases the polarity of the final products and intermediates, resulting in
lowered recovery after flash column chromatography (Scheme 30.).
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Scheme 30. Synthesis of the cleavable C-peptide building block.

2.6.2. Synthesis of peptide segments

For the synthesis of M2 insulin variant, the α-ketoacid segment (9) already
described by the model system in the previous section, could be used without any
modification.
The oxaproline-containing peptide segment equipped with the cleavable C-peptide
was prepared as described by the non-cleavable analogue on 0.5 mmol scale. With
the mutation AsnA21Gly in the sequence of M2 insulin compared to human insulin
the aspartimide formation can be avoided during the saponification of the C-terminal
ester bond under the conditions required to remove the Arg-tag.
The SPPS proceeded comparabley; we only experienced difficulties during the
coupling of GlyA21 residues onto the Arg-tag. This was solved by employing a
DIC/Cl-HOBt double coupling with a catalytic amount DMAP present.
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Scheme 31. Acm protected peptide segment with oxaproline on the N-terminus and Arg-tag on the
C-terminus.

The rest of the peptide was prepared as described in the previous section. After the
introduction of the base labile sulfone moiety we did not observe its base mediated
premature cleavage neither during coupling steps, nor during Fmoc deprotection
steps.
After resin cleavage and preparative RP-HPLC 320 mg 19 with an 11% isolated
yield based on the initial loading of the resin (Scheme 31).
2.6.3. Assembling of linear M2 insulin

With the necessary α-ketoacid and oxaproline residues containing peptide
segments in hand we proceeded to ligate them together to obtain Acm protected
linear M2 insulin.

Scheme 32. a) Synthesis of linear M2 insulin by KAHA ligation. b) HPLC monitoring of the course of
the ligation. c) HRMS trace of the purified product.
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The ligation was carried out in DMSO:H2O (9:1) with 0.1 M oxalic acid. Mutation of
the C-terminal residue and introducing the cleavable C-peptide did cause any change
in the solubility of the oxaproline segment or of the ligated product. The ligation
proceeded similarly compared to of the single chain insulin variant, the ligated
product formed cleanly overnight without the formation of any side products or
decomposition products. The ligation was readily scalable; 95 mg linear insulin could
be isolated in 41% yield after ligation and preparative RP-HPLC purification, which is
comparable to the previously described analogue.
2.6.4. Acm deprotection of the linear M2 insulin

With the ligated peptide ready we performed the Acm deprotection step as
described in section 2.5.3.

Scheme 33. a) Acm-deprotection of linear M2 insulin. b) HPLC trace of the starting material and the
purified product. c) HRMS trace of the purified product

The Acm protected peptide behaved similarly to the non-cleavable analogue, and it
was readily soluble in 50% aqueous AcOH. The reaction was complete in 1 hour and
after quenching with DTT, it was purified by preparative RP-HPLC. Optimized
conditions for the HPLC purification resulted in 58% yield, which is almost three times
higher than in the case of the non-cleavable analogue.
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2.6.5. Folding, O to N shift and cleavage of the C-peptide

With the deprotected linear M2 insulin in hand, we proceeded to the folding. Based
on our experience with the folding of the single chain insulin, we decided to further
optimize the folding conditions, in order to avoid the formation of precipitation, thus
losing precious material. 114
We kept our two step folding strategy: in the first step the peptide was denatured
under acidic, reducing conditions (0.5 mg/mL (0.07 mM) peptide concentration, 6 M
Gn HCl, 2 mM cysteine hydrochloride, pH 6.6) with vigorous stirring at room
temperature, afterwards the buffer was rapidly diluted by the addition of deionized
water, same volume as the original buffer and the pH was adjusted to 8.2 with 1 M
NaOH.

After

12 hours incubation at 4 oC the mixture was incubated at room temperature for
further 4 hours, in order to initiate the O to N acyl shift. After setting the pH to 1 with
50% aqueous AcOH the folded peptide was purified by semi-preparative RP-HPLC.

Scheme 34. a) Folding of M2 insulin. b) HPLC monitoring of the curse of the folding. c) HRMS trace of
the folded product. (In compound 21 YT marks the depsi peptide at the ligation site.)
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Thanks to the optimized folding conditions, we could avoid formation of aggregates
and precipitation during folding, thus we were able to obtain sufficient amount of
material to subject to the base-mediated concomitant cleavage of the C-peptide and
the Arg-tag.
The lyophilized folded single chain insulin was treated with 0.1 M NaOH at 0 oC for
10 to 15 minutes and purified immediately with semi-preparative RP-HPLC.
The final product, the homoserine variant of M2 insulin was obtained typically in
0.3–0.7 mg quantities after folding, O to N acyl shift, cleavage of the
C-peptide, Arg-tag removal and two HPLC purification steps, with an overall yield of
10%.
2.6.6. Conclusions

With the synthesis of the B27 homoserine variant of M2 insulin the feasibility of the
synthetic approach was proven. The employed short, cleavable prosthetic C-peptide
successfully led to the formation of a single, folded product. It was stable during the
synthesis, and no premature cleavage during SPPS, peptide folding or any other
synthetic steps was observed, whereas a 15 min treatment with aqueous base gave
cleanly cleaved, two-chain insulin product. With the optimized folding conditions the
formation of aggregates and precipitation during folding could be avoided.
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2.7. Synthesis of rodent insulin variants
After having succeeded with the M2 insulin variant, we targeted the synthesis of
various insulins, in order to examine the tolerance to changes in the primary structure
of insulin on the synthetic route.

Scheme 35. Primary structures of the synthetically prepared insulins.

Mouse insulin differs only in four residues (GlnB3Lys, HisB9Pro, ThrB30Ser,
GluA4Asp) from human insulin, 115 whereas the guinea pig insulin differs in 18
residues from human insulin116 (only 65% sequence identity). During planning of the
synthesis of rodent insulins, we introduced the AsnA21Gly mutation in order to avoid
the aspartimide formation during Arg-tag removal, as described earlier.
In order to introduce the native SerB30 residue in the case of the mouse insulin and
the native AspB30 residue in the case of the guinea pig insulin, we modified the
synthesis of the C-peptide building block accordingly (Scheme 36.).
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Scheme 36. Synthesis of the cleavable C-peptide building blocks for mouse insulin (27a) and for
guinea pig insulin (27b).

2.7.1. Synthesis of mouse insulin variant

First, we aimed for the synthesis of a mouse insulin variant (AsnA21Gly,
ThrB27Hse) (Scheme 37.). The peptide segments were prepared according to the
methods described above. We were pleased to find that changes in the amino acid
sequence did not have any negative influence on the synthesis or on the recovery
from the HPLC purification step.
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Scheme 37. a) Synthesis of mouse insulin. b) HPLC monitoring of the synthesis. c) HRMS trace of the
purified mouse insulin variant.

With the segments of the mouse insulin in hand, we performed the KAHA ligation
under the already established conditions for M2 insulin. The course of the ligation
was similar to the one we observed with the M2 insulin. Isolation of the linear mouse
insulin (30) gave slightly better yields than the values obtained with the previous
analogues.
In the next step the Acm deprotection was carried out without any deviation from
the protocol described in the previous section. Unfortunately due to technical issues
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with our C4 preparative RP-HPLC column, we could only perform the purification on a
preparative C18 column. This resulted in significant drop in the isolated yield
compared to the yield calculated for the previous analogue, despite the fact that the
reaction proceeded comparabley to the one with M2 insulin.
Having the reduced linear mouse insulin (31) in hand we proceeded to the folding
step. We were pleased to find that the folding worked well. Upon basic treatment, for
cleaving the C-peptide and the Arg-tag, resulted in folded mouse insulin variant
(AsnA21Gly, ThrB27Hse).
2.7.2. Synthesis of guinea pig insulin variant

The primary amino acid sequence of guinea pig insulin differs from human insulin in
18 residues out of the 51, but the key structural motif of the three disulfides is
preserved. The recombinant production of guinea pig insulin was challenging until
very recently, the first successful expression in yeast was reported in 2015. 117
In order to be able to employ our established strategy without changing the ligation
site, we decided to prepare a mutated guinea pig insulin variant. Therefore we
introduced IleB27Hse mutation into the native sequence of guinea pig insulin.
Furthermore we kept the AsnA21Gly mutation as well.
We were pleased to see that segments could be prepared with comparable yields
to the previous analogues without deviation from the established protocols. Having
the necessary peptide segments in hand, we proceeded to perform the KAHA
ligation. Standard ligation conditions led to the formation of the linear guinea pig
insulin; after 20 hours the reaction was complete.
We observed in our previous studies that despite the fact the KAHA ligation and the
subsequent Acm deprotection steps proceeded cleanly, with good conversion and
without formation of any side products, the isolated yields stayed modest. We
attributed this to the poor recovery of the synthetic peptides from the preparative
RP-HPLC, due to the hydrophobicity of insulin.
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Scheme 38. a) One-pot KAHA ligation and Acm deprotection of linear guinea pig insulin. b) HPLC
monitoring of the curse of the reaction. c) HRMS trace of the ligated product. d) HRMS trace of the
Acm deprotected product.

We hypothesized that reducing the number of HPLC purifications could improve the
overall yield. Therefore we proceeded to perform the Acm deprotection with the crude
KAHA ligation mixture. We diluted the reaction with 50% aqueous AcOH, added
AgOAc and incubated the solution at 37 oC for 1 hour. After quenching with DTT and
incubating the solution containing the crude peptide with TCEP we were pleased to
find that the Acm deprotection worked well, the mass associated with the major peak
on the analytical HPLC trace corresponded to the calculated mass of the deprotected
linear guinea pig insulin. The presence of DMSO did not interfere with the Acm
deprotection; the highly acidic pH of the reaction and the application of reducing
agents in excess during quenching prevented the DMSO-catalyzed formation of
disulfide bonds.
Despite the clean analytical HPLC trace of the telescoped KAHA ligation and Acm
deprotection, the yield still stayed modest after preparative RP-HPLC purification.
Having the reduced linear guinea pig in hand, we proceeded to the folding. We
folded the peptide under the established conditions. The crude HPLC trace of the
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folding step shows the significant formation of more misfolded products, as observed
by M2 or mouse insulin. This is attributed to the fact that guinea pig insulin lacks the
ability to form dimers and greater order oligomers. The reduced capability for selfassociation results in the destabilization of the folding, thus lowering the amount of
correctly folded insulin.118

Scheme 39. a) Folding and Arg-tag cleavage of guinea pig insulin. b) HPLC monitoring of the
reactions. c) HRM trace of the final product.

Despite the decrease in the amount of correctly folded insulin, after the cleavage of
the C-peptide and Arg-tag, we could isolate our guinea pig insulin variant (41) with a
comparable yield to M2 insulin. We believe the folding yield was reduced by the
destabilized folding reaction, but this was compensated by the increased number of
polar side chains in the amino acid sequence in the guinea pig insulin compared to
the human insulin, leading to improved recovery from RP-HPLC.
2.7.3. Conclusions

With the synthesis of the mouse and guinea pig insulin variants, we demonstrated
that the established synthetic route for insulin by KAHA ligation and its folding by the
prosthetic C-peptide can be applied successfully on a variety of insulins. Even
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dramatic changes in the amino acid sequence (35% difference compared to the
human sequence in the case of the guinea pig insulin) had no detrimental effect on
the outcome on the synthesis.
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2.8. Synthesis of human insulin (Thr27Hse)
After having succeeded with M2 insulin and rodent insulins, we turned our attention
to human insulin next. In order to be able to keep the natural AsnA21 residue on the
C-terminus of the A-chain, we had to consider different alternatives for connecting the
solubilizing Arg-tag. The ester type linkage via 4-hydroxymethly benzoic acid was
found to be incompatible with Asn residues as observed in our initial studies due to
aspartimide formation (Scheme 40. a, b).

Scheme 40. Different linkers for attachment of the Arg-tag

Brown et. al. proposed 2-nitrobenzyl moiety containing linkers for peptide
synthesis.

119

Upon irradiation these linkers release C-terminal carboxamides

(Scheme 40. c). Combining these linkers with side chain anchoring of an Asp residue
would result in natural Asn residue upon photo release (Scheme 40. d).
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Scheme 41. Primary structure of synthetic human insulin

The already established synthetic route for M2 insulin could be applied on human
insulin with two modifications (Scheme 41.): First, the previously deleted ThrB30 has
to be reintroduced. This can be achieved by an appropriately modified C-peptide
building block. Second, the Arg-tag has to be linked to the C-terminus of the A-chain
via the photo-labile linker, in order to allow the incorporation of AsnA21 without
aspartimide formation upon Arg-tag cleavage.

Scheme 42. Synthesis of the cleavable C-peptide building block for human insulin.

The already established synthesis allowed the straightforward incorporation of
ThrB30 into the C-peptide building block without any major changes in the workflow.
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The oxaproline-containing peptide segment (44), equipped with the photo-labile
Arg-tag and extended with the native ThrB30 residue (Scheme 43.) could be
prepared with the same procedure, as already described for the oxaproline segment
for the synthesis of M2 insulin.

Scheme 43. Acm protected peptide segment with oxaproline on the N-terminus and photo-labile Argtag on the C-terminus

The α-ketoacid segment prepared for the synthesis of M2 insulin could be used for
human insulin without any change.

Scheme 44. a) Preparation of linear human insulin by KAHA ligation. b) HPLC trace of the purified
peptide segment, of the curse of the KAHA ligation and of the purified product. c) HRMS trace of the
purified ligated product.

Having the necessary peptide segments in hand we proceeded to the KAHA
ligation. We were pleased to find that the established conditions gave the ligated
linear human insulin (45) in good yield after HPLC purification without the need for

69

2. Chemical synthesis of insulin variants
further optimization (Scheme 44.). Furthermore premature cleavage of the photolabile
Arg-tag was not observed, neither during KAHA ligation, nor during the synthesis of
the peptide segment.

Scheme 45. a) Acm deprotection of linear human insulin. b) HPLC trace of the starting material and
the purified product. c) HRMS trace of the purified product.

We were pleased to find that the Acm groups could be removed without any
problems under the previously described conditions. The photo-labile Arg-tag proved
to be also stable during Acm removal. The reduced linear peptide (46) could be
obtained after preparative RP-HPLC purification in satisfactory yield.
With the reduced linear insulin in hand we could proceed to the folding step
(Scheme 46.). The established conditions worked well and provided the folded single
chain human insulin without precipitation. The folded peptide was isolated by semipreparative RP-HPLC and the combined fractions were irradiated in order to cleave
the Arg-tag. The cleavage of the solubilizing tag proved to be slower than expected
and took approximately four hours. The course of the reaction was followed by
MALDI. Once the Arg-tag was completely removed, the crude mixture was lyophilized
and briefly treated with 0.1 M NaOH in order to remove the C-peptide and purified by
semi-preparative RP-HPLC to give human insulin (ThrB27Hse).
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Scheme 46. a) Folding of human insulin and removal of the C-peptide and the Arg-tag. b) HPLC
monitoring of the reactions. c) HRMS trace of the final human insulin variant.

2.8.1. Comparison study for human insulin synthesis without solubilizing tag

During our initial studies (Section 2.4.) we concluded that the without protection of
the cysteine residues the chemical synthesis of insulin is not feasible. We realized
that application of –StBu groups improves the SPPS, but due to the combination of
the apolar character of –StBu protecting group with the already high hydrophobicity of
insulin, the purification led to the loss of the peptides on the preparative RP-HPLC.
We assumed that Acm protected peptides should possess lower hydrophobicity
than their –StBu protected analogues and perhaps there is no need for application of
a solubilizing tag.
We prepared the necessary oxaproline containing peptide segment with the already
established SPPS procedures. The crude peptide could be successfully purified by
preparative HPLC in good yield.
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With the new oxaproline segment (49) In hand and the already described
α-ketoacid segment (9), we proceeded to the KAHA ligation. The oxaproline segment
without the solubilizing tag showed reduced solubility in the ligation mixture. Despite
the gel formation, the ligation proceeded well. Unfortunately the peptide segments
and the ligated product all eluted very closely on the RP-HPLC and could only be
separated on a C4-analytical column with a slow gradient (20 to 60% CH3CN in water
with 0.1% TFA over 20 min). Despite a long optimization of the HPLC methods, the
α-ketoacid segment and the ligated product never could be fully separated on HPLC,
therefore the use excess of the precious oxaproline segment was necessary in order
to fully convert the α-ketoacid segment into product and allow the purification
(Scheme 47.).

Scheme 47. a) Synthetic route towards human insulin without Arg-tag. b) HPLC monitoring of the
KAHA ligation. c) HRMS trace of the ligated product.

Despite its low solubility, the ligated product could be purified on preparative RPHPLC and isolated in a satisfactory yield.
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With the Acm protected peptide in hand we attempted to perform the Acm
deprotection, however despite our efforts, we could never observe the formation of
the deprotected peptide under our established conditions, but only the consumption
of the starting material.
We believe this is due to the extreme hydrophobicity of the linear insulin upon
removal of the polar Acm protecting groups; the protein could not be isolated and we
therefore abandoned this route.
Our observation about the poor solubility of linear insulin variants is in agreement
with our initial studies and justifies our conclusion that a feasible chemical synthesis
of insulin requires the use of temporal solubilizing tags, as demonstrated by the
successful syntheses of M2, rodent and human insulins.
2.8.2. Conclusions

Without any major change in our established workflow, we could access the
homoserine mutant of human insulin. We employed the synthetic strategy applied for
M2 and rodent insulins combined with the side chain anchoring of AspA21 residue to
the Arg-tag via a photo-labile linker result in native AsnA21 upon photo-cleavage of
the solubilizing tag.
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2.9. Validation of the synthetically prepared insulins
2.9.1. Circular dichroism measurements

The secondary structures of synthetic M2 (ThrB27Hse) and human (ThrB27Hse)
insulins were characterized and compared to authentic recombinant human insulin by
circular dichroism measurement.

CD

spectrum

of

recombinant insulin

authentic

human

CD spectrum of synthetic M2 insulin

CD spectrum of synthetic human insulin

(23)

(48)

Figure 5. CD spectra of reference and synthetic insulins

The synthetic insulin variants exhibited similar negative bands at 208 nm and
222 nm and a positive band at 193 nm compared to the reference compound;
indicating of the presence of α-helices.120
2.9.2. Disulfide mapping by enzymatic digestion

Several methods had been reported to confirm the disulfide pattern of synthetically
prepared proteins. Methods were reported for partial reduction and alkylation of
cysteine residues. 121 Alternatively electrochemical methods coupled with LC-MS
systems have been also reported for successful assignment of disulfide connectivity
in peptides.122
We selected Glu-C disulfide mapping. Glu-C is an endoprotease, and selectively
cleaves proteins after each Glu residue. The obtained peptide fragments can be
compared to the fragments detected after digestion of an authentic reference sample.
This procedure was already reported to work well on synthetic insulins.47
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Figure 6. Glu C disulfide mapping of synthetic human insulin. a) Enzymatic cleavage sites. b)
Fragments obtained by digestion. c) HPLC trace of digestion.

We performed the Glu-C digestion (cleavage sites are marked on Figure 6. a) both
on our synthetic insulin and on an authentic, commercially available recombinant
human insulin. The digestion mixture was analyzed by HPLC and the obtained
fragments were identified by mass spectrometry. In both cases we obtained the
same fragments after digestion (Figure 6. b). Similar HPLC traces were recorded in
both cases, with the exception of F-4-R fragment, which shows earlier elution in the
case of the synthetic insulin compared to the reference insulin. F-4-R fragment
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contains the ligation site, thus in the synthetic insulin the Hse residue is present
instead of the natural Thr residue. The slight difference in polarity between the side
chains of Hse compared to Thr could account for the slight shift on the HPLC.
The Glu-C mapping confirmed that the disulfide pattern of the synthetic insulin
corresponded to the one of the recombinant insulin; the prosthetic C-peptide
efficiently replaced the function of the native C-peptide.
2.9.2. Insulin receptor autophosphorylation assay

The biological activities of synthetic human (48), M2 (23) and mouse insulins were
studied via In-Cell Western autophorphorylation assay on CHO cells overexpressing
human insulin receptor B (IR-B). 123 The measurements were carried out by our
collaborators in Frankfurt (Sanofi Germany). Dr. Norbert Tennagels and Dr. Melissa
Besenius are kindly acknowledged for their essential help in performing the assay.

Figure 7. a) Insulin receptor phosphorylation of recombinant insulin (gray, EC50 = 7.43 nM) synthetic
human insulin (48) variant (black, EC50 = 3.01 nM) b) Insulin receptor phosphorylation of recombinant
insulin (gray, EC50 = 6.34 nM) synthetic M2 (23) variant (black, EC50 = 3.41 nM) c) Insulin receptor
phosphorylation of recombinant insulin (gray, EC50 = 7.43 nM) synthetic mouse insulin (33) variant
(black, EC50 = 23.67 nM) d) Insulin receptor phosphorylation of recombinant insulin (gray, EC50 =
12.36 nM) synthetic guinea pig insulin (39) variant (black, EC50 > 100 nM)
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The biological activities of the samples were studied at different concentrations and
the EC50 value was determined for each dataset. The same assay was carried out on
authentic recombinant human insulin as a reference.
We were pleased to find that our synthetic human and M2 insulins showed
comparable biological activity to the recombinant reference. The synthetic mouse and
guinea pig insulins variant showed – as expected – lower activity on human the
insulin receptors than the human insulin.
2.10 Conclusion
We established a general synthetic method towards insulin like peptides, based on
the facile folding of linear insulins by employing a cleavable, short prosthetic Cpeptide.
The folding precursors were assembled by KAHA ligation in good yields and the
solubility of the synthetic intermediates was enhanced by removable hexa-arginine
solubilizing tag, thus resulting in improved recovery after RP-HPLC purification steps.
In the case of guinea pig insulin it has been successfully demonstrated, that KAHA
ligation and Acm deprotection can be performed in one-pot manner, reducing the
number of HPLC purifications.
The prosthetic C-peptide was incorporated as a modular building block by standard
Fmoc-SPPS; different variations of this building block were prepared, allowing the
synthesis of a broad range of insulin variants.
The same workflow could be applied without any major changes on four different
insulins, generating biologically active proteins. Our method towards synthetic insulin
variants proved to be successful in accessing insulins. It can serve, as a tool for
medicinal chemists generating and screening a handful of new insulin is a short
period of time, in order to find superior insulins that can be tailored to address a
variety of specific therapeutic needs.
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CHAPTER 3. Application of a novel hydroxylamine
to the chemical synthesis of an insulin variant
3.1. Introduction
Since the first reports on KAHA ligation,84 efforts were made to extend its
applicability. One of the major milestones – in expanding the scope of the KAHA
ligation – was the recent report on the synthesis of Fmoc-α-ketoacid monomers.87
The new synthetic route afforded a variety of α-ketoacids that allowed increased
flexibility in choosing possible ligation sites.
The hydroxylamine monomers used in KAHA ligations also underwent a
remarkable development. The earliest monomers were affected either by low stability
or poor reactivity. The development of the (S)-5-oxaproline led to the advent of
successful chemical protein synthesis by KAHA ligation.89 The initial lengthy and
tedious chemical synthesis was improved and allowed the preparation of the
monomer in kilogram quantities.124 The aspartyl aldehyde-yielding analogue offers a
great opportunity to incorporate synthetic handles into proteins at ligation sites.90

Figure 8. Overview of hydroxylamine monomers used for KAHA ligation

Regardless of the numerous successful chemical synthesis of biologically active
proteins by KAHA ligation, the introduction of non canonical amino acid at the ligation
site is regarded as a limitation of this ligation technique. Novel hydroxylamines were
developed in order to avoid mutations at the ligation sites. A serine yielding monomer
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was reported, but unfortunately its superior reactivity was impaired by low
stability.91An analogous threonine yielding monomer was developed as well, that
combines the good reactivity of the serine-yielding analogue with improved
stability.125 Recently (S)-4,4-difluoro-5-oxaproline was prepared as a novel monomer
that leads to aspartic acid, and successfully applied for KAHA ligation (Figure 8).126
With the novel hydroxylamines in hand the scope of KAHA ligation could be
extended. Several ligation sites could be possible without the need for introducing
non canonical amino acids. The now accessible serine, threonine and aspartic acid
ligation sites offer more possible disconnections than a synthetic strategy based on
NCL, due to the higher abundance of these amino acids compared to cysteine.127
3.2. Chemical synthesis of an novel M2 (ThrB27Asp) insulin variant
After establishing the chemical synthesis of different insulins based on oxaproline,
we pursued the application of the new (S)-4,4-difluoro-5-oxaproline hydroxylamine
monomer on the same synthesis in order to compare the behavior of the two different
monomers.
During our previous studies in our group we found that – due to the increased
reactivity of the novel monomer – hydroxylamines have to be protected during global
TFA cleavage. Therefore a synthesis of photoprotected (S)-4,4-difluoro-5-oxaproline
was developed, that could be coupled to the peptide under standard Fmoc-SPPS
conditions and is stable during TFA cleavage, but readily removable upon irradiation.
We prepared the new peptide segment accordingly, equipped with the
photoprotected (S)-4,4-difluoro-5-oxaproline. The hydroxylamine monomer was
coupled by standard base free DIC/HOAt coupling. The peptide was cleaved from the
solid support under standard TFA cleavage conditions and purified on RP-HPLC.
During resin cleavage and purification the peptide proved to be stable and no
decomposition or premature photo-deprotection was observed. Irradiation of 51
resulted in the peptide segment with deprotected (S)-4,4-difluoro-5-oxaproline on the
N-terminus. The photo-deprotection proceeded cleanly, and the product could be
submitted to KAHA ligation without the need for further purification.
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Scheme 48. a) KAHA ligation with (S)-4,4-difluoro-5-oxaproline. b) HPLC monitoring of the synthesis.
c) HRMS trace of photoprotected hydroxylamine segment. d) HRMS trace of free hydroxylamine
segment. e) HRMS trace of the ligated product.

Having the deprotected (S)-4,4-difluoro-5-oxaproline containing segment (51) and
the previously employed α-ketoacid segment (9) in hand, we proceeded to the KAHA
ligation. We were pleased to find that the conditions required for solubilizing the
hydrophobic peptide (90 v/v% DMSO, 60 °C, 0.1 M oxalic acid) did not lead to
significant decomposition of the segments. The ligation progressed comparably to
the oxaproline analogue. We observed that the product forms somewhat slower than
in the case of the oxaproline, furthermore we measured a slight drop (7%) in the
isolated yield.
Overall the KAHA ligation with the new monomer proceeded equally as well as with
oxaproline. The ligation worked well under the standard conditions established for
oxaproline based KAHA ligation. Formation of major side products in was not
observed.
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We were pleased to find that the rest of the synthesis worked just as well, without
deviating from the conditions described for the synthesis of the M2 insulin.
After Acm deprotection, folding and removal of the Arg-tag and the prosthetic
C-peptide, we could isolate a new M2 insulin variant (ThrB27Asp). The mutation
ThrB27Asp did not show any effect on the synthesis.

Scheme 49. a) Synthesis of M2 (ThrB27Asp) insulin. b) HPLC monitoring of the synthesis. c) HRMS
trace of the Acm protected peptide. d) HRMS trace of the Acm deprotected peptide. e) HRMS trace of
the folded peptide. f) HRMS trace of M2 (ThrB27Asp) insulin.

3.3 Conclusion
The new (S)-4,4-difluoro-5-oxaproline monomer was successfully incorporated to
the synthesis of an insulin variant. The natural aspartic acid yielding monomer
possessed similar reactivity and stability under standard KAHA ligation conditions as
(S)-5-oxaproline.
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The incorporation of an Asp residue at position B27 of insulin, had no detrimental
effect on the synthesis. The established protocol for the synthesis of insulins could be
applied without any deviation from it.
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CHAPTER 4. Synthesis of conjugated insulins by
KAHA and KAT ligations
4.1. Introduction
Peptides and proteins are in the center of interest of pharmaceutical companies
since decades, and the offer great opportunities for effective and selective treatment
of several diseases. These great potentials are overshadowed by the poor absorption
properties and low stability in vivo.128
Several modifications were investigated in order to address the poor physiochemical properties of the peptides. Incorporation of D-amino acids or modification at
their N- and C-termini can increase their stability against exopeptidases. 129
Pegylation can address the problems of solubility and proteolytic stability in the same
time.130
Traditionally lysine and cysteine residues serve as conjugation sites. However
larger proteins contain many lysine and cysteine residues, thus the conjugation
cannot be ascertained in a controlled and selective fashion. In order to tackle the
problem of selectivity a handful of conjugation techniques have been developed.131
These approaches typically rely on the incorporation of a specific functionality by
SPPS into the protein that can be selectively conjugated to any chemical entity
bearing complementary functional group for the conjugation.

Scheme 50. Schematic concept of conjugation of proteins with polymers, small molecules or with
other proteins.
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The Bode group developed the rapid amide forming ligation between potassium
acyltrifluoroborates (KATs)132 and O-carbamoylhydroxylamine (KAT ligation).133,134 It
was demonstrated that this ligation proceeds in a fast and chemoselective fashion in
the presence of common unprotected functionalities. PEG chains, lipids, biotin and
dyes were successfully introduced by KAT ligation onto unprotected peptides. 135
More recently proteins were successfully dimerized utilizing this method.136
Friedman et. al. developed photoactive depots for insulin storage and light
mediated release. Two distinct approaches were reported by the Friedman group: the
first one is based on polymerizing modified insulin with appropriate bi- and
trifunctional photo-labile crosslinkers,137 whereas the second approach is based on
covalently attaching insulin onto an insoluble polymer via photo-labile linkers.138139
The limitation of Friedman’s work was the lack of control in choosing the conjugation
site.
Hubálek et. al. engineered a novel insulin variant with an additional cysteine
residue at the B25 residue. This insulin could form covalent dimers, structurally very
similar to the natural dimers occurring in the vesicles of the pancreatic β-cells.
Utilizing the covalent dimer Hubálek and his coworkers gained important insights
about the oligomerization pattern of insulin. However, the PheB25Cys mutation
turned out to significantly reduce the biological activity of the peptide.
4.2. Synthesis of conjugated insulins
With the established synthetic route for insulin based on KAHA ligation, we
proceeded to apply this this method for the synthesis of an insulin variant equipped
with the necessary functionality - O-carbamoylhydroxylamine moiety in our case –
that readily undergoes KAT ligation.
In order to incorporate the desired hydroxylamine, we designed a new, side chain
hydroxylamine amino acid. We chose ornithine, as its hydroxylamine analogue
already was successfully incorporated into peptide sequences and the KAT ligation
as successful with this residue.135
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Scheme 51. Design of photoproteced Fmoc-ornithin hydroxylamine.

We prepared the Fmoc-protected ornithine (Orn, O) hydroxylamine variant in order
to allow its flexible incorporation by SPPS. To circumvent any side reaction of the
O-carbamoylhydroxylamine during KAHA ligation, we decided to keep the
hydroxylamine protected during the synthesis. We chose ortho-nitrobenzyl based
protecting group that can be efficiently and cleanly removed by irradiation at 365 nm.
We initiated our synthesis with the reduction of 2-nitroacetophenone, which gave
the racemic alcohol 57 in gram scale.140 The activated alcohol 58 was reacted with
an excess of hydroxylamine hydrochloride in order to avoid O-acylation. The
N-acylated intermediate proved to be unstable, thus the reaction with the
diethylcarbamoly chloride was performed without the purification of the intermediate.
Fmoc-Asp(OH)-OtBu was cleanly reduced to the alcohol 59.141
The alcohol 60 and the protected hydroxylamine 59 were reacted under Mitsonubu
conditions and the product was treated with TFA to afford the photoprotected
Fmoc-ornithine hydroxylamine 62.
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Scheme 52. Synthesis of photoprotected Fmoc-ornithine hydroxylamine building block.

4.2.1. Preparation of insulin equipped with O-carbamoylhydroxylamine

We incorporated the hydroxylamine building block into the N-terminal region of the
insulin B-chain. This loop region proved not to be important for receptor binding and
also lays far from the bulky core of the protein. Thus the B-chain was extend with the
ornithine hydroxylamine by introducing it into the B0 position.
With this approach we could use the Opr segment (19) developed for M2 insulin.
The α-ketoacid segment was prepared as described for M2 insulin, and the ornithine
was

incorporated

by

standard

HATU

coupling.

After

the

N-terminal

Fmoc-deprotection and global TFA cleavage, the segment was purified by RP-HPLC
and isolated with 24% yield.
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Scheme 53. a) Synthesis of folded insulin equipped with ornithine hydroxylamine. b) HPLC monitoring
of the synthesis. c) HRMS trace of the product. (Bottom: calculated, top: measured).

With the appropriate peptide segments in hand we performed the KAHA ligation.
We were pleased to see that the photoprotected hydroxylamine is completely stable
under standard KAHA ligation conditions. The Acm deprotection could be also
performed without any deviation from the established protocol.
During folding we have observed the formation of a significant amount of
precipitation. We believe this is due to the increased hydrophobicity of this insulin
variant that is attributed to the lipophilic character of the aromatic photoprotecting
group. The photoprotecting group was removed by irradiation at 365 nm after folding.
The protein (69) bearing with the free O-carbamoylhydroxylamine moiety was used in
KAT ligation experiments after lyophilization.
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4.2.2. Preparation of conjugated insulins by KAT ligation

The KAT ligations were performed with crude photo-deprotected hydroxylamine
insulin typically at 100-200 μg scale. The products were characterized by analytical
RP-HPLC and HRMS; the yields were not determined.

Scheme 54. a) Conjugation of insulin with rhodamine by KAT ligation. b) Structure of applied
rhodamine. c) HPLC monitoring of the reaction. d) HRMS trace of the purified product.

In order to proof the concept of the late stage modification of folded insulin by KAT
ligation, we decided to ligate first a small molecule to insulin. With the already
developed rhodamine KAT in hand142 we proceeded to ligate it to the insulin. We
were pleased to find that the KAT ligation worked well at 1 mM concentration in
CH3CN/H2O mixture in close to one to one stochiometrical ratio and was complete
after 2 hours. The reaction mixture was treated with 0.2 M NaOH solution in order to
cleave the Arg-tag and the prosthetic C-peptide.
The reaction was performed at 100 μg scale and isolated on analytical RP-HPLC.
The product was characterized but the yield was not determined.
Insulins conjugated with dyes or other labels may serve as useful tools for
investigating biochemical processes in which insulin is involved.
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Scheme 55. a) Pegylation of insulin by KAT ligation. b) HPLC monitoring of the reaction. c) HRMS
trace of the pegylated insulin.

With the same set up as the rhodamine conjugation, we performed pegylation of
insulin. We utilized heterodisperse PEG-KAT135 (5 kDa) and were pleased to find that
the pegylated insulin could be isolated.
Pegylated insulins have been described but the only reported site for modification
was the LysB29 residue. 143 With our method alternative conjugation sites are
possible, multiple incorporated hydroxylamine moieties allow double or triple
modifications of insulin.
Pegylation of proteins can increase their stability against metabolism and excretion
and increase the their bonding to plasma proteins, which give them longer half-life.
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Scheme 56. a) Dimerization of insulin by KAT ligation. b) HPLC monitoring of the reaction. c) MALDI
trace of dimer with Arg-tag (70). d) MALDI trace of the final product (71).

After the successful monopegylation of insulin we envisioned the dimerization of
insulin in a very controlled fashion utilizing bifunctional KAT reagents. Initially we
carried out experiments with short, monodisperse PEG-KAT reagents (10 units and
28 units respectively). Unfortunately in each case we observed only mono addition of
the short PEG reagents onto insulin, but the formation of dimers was not observed.
Changing the reaction conditions, increasing the reaction time or the temperature did
not induce the formation of dimers. We attributed this failure to steric effects; it is
possible that the short PEG reagents were not able to reach out from the range of
repulsion of bulky cores of the folded proteins. In order to facilitate the dimerization
we prepared similar bifunctional PEG-KAT reagents, but with longer PEG chains.
With the new, 3.8 kDa heterodisperse PEG-KAT reagent in hand, we proceeded to
the dimerization. The longer PEG chain clearly improved the reaction because we
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observed the formation dimers. Despite having used the protein in 4:1 or 5:1 ratio to
the KAT reagent we never observed full conversion. We detected the mono addition
of the KAT reagent on insulin and the desired dimer in approximately 1:1 ratio;
regardless the presence of unreacted protein in excess. The dimer still bearing with
the Arg-tag was isolated on analytical RP-HPLC and treated with base in order to
remove the Arg-tag, and the final dimeric two-chain insulin was isolated, but only in
traces amount and mediocre purity.
The further investigation of the reaction, were hindered by the difficulty of
measuring the accurate molecular weight of the heterodisperse intermediates. We
are not sure whether the bifunctional PEG-KAT reagent or the mono-adduct
decomposed or there are other factors preventing the completion of the reaction.
In order to facilitate the monitoring dimerization reaction we are working now on the
synthesis of long (3-4 kDa), monodisperse bifunctional PEG-KAT reagents.
4.3 Conclusion
We demonstrated that conjugated synthetic proteins could be accessed by a
combined KAHA ligation – for protein assembly – and KAT ligation – for protein
functionalization – strategy.
We successfully applied our established synthetic method on the preparation of
insulin variants, bearing with side chain hydroxylamine functionality. These insulins
are ready to be conjugated to a variety of small molecules or polymers via KAT
ligations, equipped with the complimentary acyl trifluoroborate functionality.
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CHAPTER 5. Summary and outlook
In this thesis we described a novel synthetic platform to access a variety of
biologically active insulins (human, M2, mouse and guinea pig variants). The
methodology takes advantage of replacing the native C-peptide with a short
prosthetic C-peptide, that facilitates the folding and is removed by basic treatment.
The KAHA ligation is especially suitable for the synthesis of hydrophobic proteins, as
it can be performed in aqueous DMSO. The ThrB27Hse mutation showed to have no
negative effect on the biological activities of the synthetic proteins. It has also been
proven, that KAHA ligation and Acm deprotection can be performed in one-pot
fashion.
The limitation of the method is the low overall isolated yield – despite the good
conversion at each synthetic stage – that is attributed to the low recovery after HPLC
purification steps. Further optimization of the HPLC conditions, or alternative
purification methods may increase the overall yield.
The prosthetic C-peptide strategy may be applied of disulfide rich, insulin like
peptides.
We

have

also

successfully

applied

the

new

(S)-4,4-difluoro-5-oxaproline

hydroxyalamine monomer on insulin, and showed it operates under standard KAHA
ligation conditions, with comparable isolated yields to (S)-5-oxaproline.
Application of the (S)-4,4-difluoro-5-oxaproline monomer resulted in a new
ThrB27Asp synthetic M2 insulin variant, containing only canonical amino acids.
With a combined KAHA and KAT ligation strategy, we were able to perform late
stage modifications on folded insulin. Rhodamine llabeled and pegylated insulins
were prepared in a controlled fashion. Furthermore utilizing bifunctional PEG-KAT
reagents, we could access a dimeric insulin.
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Scheme 57. Summary and further directions.

For future work the critical challange is to improve the dimerization. In order to do
so the most important task is to prepare a homodisperse PEG-KAT reagent. This has
to possess a sufficient length to allow the dimerization (ideally around 3 kDa). Once
having the reagent in hand the monitoring and purification of the ligation is expected
to be easier due to the homogenous nature of the intermediates and the product.
Moreover the interpretation of the MS spectra is also expected to be more
straightforward, furthermore the application of ESI technique would be also possible,
resulting in more precise mass data.
Utilizing the established KAT ligation technique for insulin-small molecule
conjugates, one can envision conjugating the insulin to a drug that can either fine
tune the insulin activity or provide an additional treatment for diabetes patients.144,145
Attachment of insulin to polymers can significantly improve its therapeutic
properties, 146 potentially allow non-invasive administration 147 or can lead to the
development of glucose responsive insulin-delivery systems.148
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CHAPTER 6. Experimental Section
6.1. General methods
6.1.1. Reagents and solvents

Solvents for flash chromatography (EtOAc, hexanes, CH2Cl2, MeOH) were of technical
grade and distilled prior to use. Commercially available reagents and solvents were
purchased from Sigma- Alrich (Buchs, Switzerland), Acros Organics (Geel, Belgium) and
TCI Europe (Zwijndrecht, Belgium), Combi-Blocks (San Diego, USA), ABCR-Chemicals
(Karlsruhe, Germany) Fmoc-amino acids with suitable protecting groups on the side
chains, HCTU, HATU were purchased from Peptides International (Lousiville, KY, USA)
and Chemimpex (Wood Dale, IL, USA). Resins were purchased form Biotage (Uppsala,
Sweden).
6.1.2. Characterization
1

H and

13

C NMR spectra were recorded on Bruker AVIII400 spectrometer or Bruker

AVIII600 spectrometer. Chemical shifts for 1H NMR (400 and 600 MHz) and 13C NMR
(101 and 150 MHz) are expressed in parts per million and are referred to residual
undeuterated solvent signals. Coupling constants are reported in Hertz (Hz) and the
corresponding splitting patterns are indicated as follows: s, singlet; bs, broad singlet; d,
doublet; dd, doublet of doublet; ddd, doublet of doublet of doublet; td, triplet of doublet; t,
triplet; m, multiplet. High-resolution mass spectra were recorded by the Mass Service of
the Laboratory of Organic Chemistry at ETH Zurich either with a Bruker maXis
instrument (ESI-MS measurements) equipped with an ESI source and a Qq-TOF
detector

or

with

a

Bruker

solariX

instrument

(MALDI-FTICR-MS)

using

4-hydroxy-α-cyanocinnamic acid as matrix. Infrared spectra were recorded on Perkin
Elmer Spectrum Two FT-IR spectrometer and reported as wavenumber (cm–1). CD
spectra JASCO J-715 spectropolarimeter at wavelength of 300–190 nm. Peptides were
analyzed by reversed phase high performance liquid chromatography (RP-HPLC) on
Jasco analytical instrument equipped with dual pumps, mixer and in-line degasser. The
spectra were recorded simultaneously at 220 nm, 254 nm and 301 nm. The
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characterization was performed on heated (Alltech column heater) Shiseido Capcell Pak
C18 analytical column, Phenomenex Jupiter C4 or Vydac 214TP54 C4 analytical
column. The mobile phase were CH3CN containing 0.1% (v/v) TFA and Millipore H2O
containing 0.1% (v/v) TFA (1 mL /min flow rate).
6.1.3. Reactions and purification

All reactions were performed using standard techniques under an atmosphere of N2.
Reactions and fractions from flash chromatography were monitored by thin layer
chromatography using precoated alumina plates (Merck, silica 60 F254) and visualized
by staining with basic KMnO4 solution. Flash chromatography was performed on SigmaAldrich SiO2 9385 (230-400 mesh) using a forced flow of air at 0.5-1.0 bar. Peptides
were purified by reversed phase high performance liquid chromatography (RP-HPLC) on
Jasco preparative instrument equipped with dual pumps, mixer and in-line degasser or
on Gilson preparative instrument. The spectra were recorded simultaneously at 220 nm,
254 nm and 301 nm. The purification was performed on heated (water bath) Shiseido
Capcell Pak C18 Type MG II (10 mm x 250 mm, 5 μm) semi-preparative column,
Shiseido Capcell Pak C18 Type MG II (20 mm x 250 mm, 5 μm) preparative column,
Shiseido Capcell Pak C18 Type UG80 (50 mm x 250 mm, 5 μm) preparative column,
Shiseido Proteonavi (50 mm x 250 mm, 5 μm) preparative column, Vydac 214MS1022
C4 preparative column (22 x 250 mm), Phenomenex Jupiter (10 mm x 250 mm) semipreparative column or Phenomenex Jupiter (20 mm x 250 mm) preparative column. The
mobile phase were CH3CN containing 0.1% (v/v) TFA and Millipore H2O containing 0.1%
(v/v) TFA.
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6.2. Synthesis non-cleavable prosthetic C-peptide (8)
6.2.1. Synthesis of diethylen glycol bis(4-nitrophenyl carbonate) (1)

O2N

O
O

NO2

O
O

O

O

O

Diethylene glycol (2.00 ml, 20.7 mmol, 1.00 equiv) and nitrophenol chloroformate (10.5
g, 51.8 mmol, 2.50 equiv) were dissolved in 200 ml CH2Cl2 and cooled to -78 °C. Nmethylmorpholine (11.2 ml, 103 mmol, 5.00 equiv) was dissolved separately in 50.0 ml
CH2Cl2 at rt. This solution was added dropwise to the reaction mixture over the curse of
1 h. The reaction was left to stir at -78 °C for 5 h then it was allowed to warm up to rt
overnight. The formed precipitate was filtered off. The filtrate was diluted with 200 ml
CH2Cl2, washed with 300 ml 1 M KHSO4 solution, 300 ml brine and dried over Na2SO4.
The solvent was evaporated and the crude product was purified by flash column
chromatography (hexanes: EtOAc = 4:1 to 1:1) to give (1) as a white solid (6.00 g, 1.38
mmol, 66% yield.
1

H NMR (600 MHz, DMSO-d6) δ 8.33 – 8.26 (m, 4H), 7.58 – 7.51 (m, 4H), 4.43 – 4.38

(m, 4H), 3.80 – 3.75 (m, 4H).
13

C NMR (151 MHz, DMSO-d6) δ 155.22 (2xC), 152.06 (2xCO), 145.09 (2xC), 125.33

(4xCH), 122.51 (4xCH), 68.09 (2xCH2), 67.86 (2xCH2)
IR (cm–1, neat): 1756, 1520, 1351, 1267, 1228, 1074, 861.
HRMS (ESI): calculated for C18H16N2O11Na [M+Na]+: 459.06463, found: 459.06466.
Rf = 0.6 (hexanes:EtOAc = 1:1)
MP: 86-87 °C
6.2.2. Synthesis of N-Boc Glycine allyl ester (2)

N-Boc glycine (10.0 g, 57.1 mmol, 1.00 equiv) was dissolved in 500 mL CH3CN at rt.
K2CO3 (9.47 g, 68.6 mmol, 1.20 equiv), KI (0.95 g, 5.71 mmol, 0.10 equiv) and allyl
bromide (4.93 mL, 57.1 mmol, 1.00 equiv) were added to the mixture and heated to
reflux. After 4 h, CH3CN was removed under reduced pressure, the residue was
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suspended in 400 mL Et2O and washed 400 mL H2O and 400 mL brine, dried over
Na2SO4 to give pure 2 as a colourless oil (10.0 g, 46.5 mmol, 81% yield)
1

H NMR (300 MHz, DMSO-d6) δ 7.23 (t, J = 6.2 Hz, 1H), 5.90 (m, 1H), 5.32 (m, 1H),

5.21 (m, 1H), 4.58 (m, 2H), 3.71 (d, J = 6.2 Hz, 2H), 1.38 (s, 9H)
13

C NMR (101 MHz, DMSO-d6) δ 170.52 (CO), 156.31 (CO), 132.90 (CH), 118.18 (CH2),

78.70 (C), 65.09 (CH2), 42.37 (CH2), 28.61 (CH3)
IR (cm–1, neat): 3375, 2979, 1694, 1512, 1366, 1157, 985.
HRMS (ESI): calculated for C10H17NO4Na [M+Na]+: 238.10498, found: 238.10492.
Rf = 0.6 (hexanes: EtOAc = 7:3)
6.2.3. Synthesis of glycine allyl ester hydrochloride (3)

To 2 (10.0 g, 46.5 mmol, 1.00 equiv) 100 mL 4 M HCl in dioxane was added at 0 °C and
stirred under N2 for 3 h. The mixture was diluted with 100 mL toluene and the solvents
were evaporated. The residue was dissolved in 100 mL toluene and evaporated. This
procedure was repeated two times. 100 mL cold Et2O was added to the residual
colorless oil and the white precipitate was filtered off and washed with cold Et2O to
obtain pure 3 as white solid (6.70 g, 44.2 mmol, 95% yield).
1

H NMR (400 MHz, DMSO-d6) δ 8.57 (s, 3H), 5.93 (m, 1H), 5.38 (m, 1H), 5.26 (m, 1H),

4.68 (m, 2H), 3.82 (s, 2H).
13

C NMR (101 MHz, DMSO-d6) δ 167.31 (CO), 131.81 (CH), 118.46 (CH2), 65.63 (CH2),

39.48 (CH2)
IR (cm–1, neat): 2961, 2867, 1753, 1503, 1246, 1227, 911.
HRMS (ESI): calculated for C5H10NO2Na [M+H]+: 116.0706, found: 116.0705.
MP = 80-81 °C
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6.2.4. Synthesis of allyl diethylen glycol (4-nitrophenyl carbonate) glycinate (4)
O2N

O
O

O
O

O

O

N
H

O
O

1 (6.00 g, 13.8 mmol, 1.00 equiv) was dissolved in 130 ml DMF in a round-bottomed
flask.

Separately

1.15

g

(9.63

mmol,

0.70

equiv)

3

was

dissolved

in

130 ml DMF and 2.96 ml (27.50 mmol, 2.0 equiv) N-methylmorpholine was added. This
solution was added drop wise to the solution of 1 and the mixture was stirred at rt. After
3 h the reaction mixture was diluted with 400 ml EtOAc and was washed with 400 ml 1
M KHSO4 solution, 400 ml brine and dried over Na2SO4. The solvent was evaporated
and the crude product was purified by flash column chromatography (hexanes: EtOAc =
4:1 to 1:1) to give 4 as a colorless oil (2.3 g, 5.57 mmol, 58% yield).
1

H NMR (400 MHz, DMSO-d6) δ 8.35 – 8.28 (m, 2H), 7.67 (t, J = 6.2 Hz, 1H), 7.61 –

7.52 (m, 2H), 5.90 (ddt, J = 17.2, 10.6, 5.4 Hz, 1H), 5.36 – 5.17 (m, 2H), 4.58 (dt, J =
5.4, 1.6 Hz, 2H), 4.42 – 4.33 (m, 2H), 4.15 – 4.05 (m, 2H), 3.79 (d, J = 6.2 Hz, 2H), 3.75
– 3.68 (m, 2H), 3.70 – 3.61 (m, 2H).
13

C NMR (101 MHz, DMSO-d6) δ 169.88 (CO), 156.55 (CO), 155.26 (CO), 152.07 (C),

145.16 (C), 132.38 (CH), 125.39 (2xCH), 122.58 (2xCH), 117.80 (CH2), 68.74 (CH2),
68.21 (CH2), 67.84 (CH2), 64.74 (CH2), 63.48 (CH2), 42.12 (CH2).
IR (cm–1, neat): 1761, 1720, 1522, 1848, 1209, 859.
HRMS (ESI): calculated for C17H20N2O10Na [M+Na]+: 435.1010, found: 435.1012.
Rf = 0.4 (hexanes:EtOAc = 1:1)
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6.2.5. Synthesis of Fmoc-Lys(NHAlloc)-OPMB (5)

Fmoc-Lys(NHAlloc)-OH (5.00 g, 11.1 mmol, 1.00 equiv) and paramethoxybenzyl alcohol
(PMBOH) (1.60 g, 11.6 mmol, 1.05 equiv) were dissolved in 110 mL CH2Cl2. N-(3dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDCI) (2.33 g, 12.2 mmol,
1.10 equiv) and 4-(dimethylamino)pyridine (DMAP) 135 mg (1.10 mmol, 0.10 equiv)
were added. The mixture was left to stir at rt. After 4 h the mixture was diluted with 300
mL Et2O, washed with 200 mL 1 M HCl, 200 mL saturated aq. NaHCO3 solution, 200 mL
brine and dried over Na2SO4. The solvent was evaporated and the crude product was
purified by flash column chromatography (hexanes: EtOAc = 4:1 to 3:2) to give 5 as a
colorless oil (6.0 g, 10.49 mmol, 95% yield).
1

H NMR (600 MHz, DMSO-d6) δ 7.89 (dt, J = 7.6, 0.9 Hz, 2H), 7.77 (d, J = 7.8 Hz, 1H),

7.73 – 7.68 (m, 2H), 7.42 (t, J = 7.5 Hz, 2H), 7.35 – 7.29 (m, 2H), 7.29 – 7.25 (m, 2H),
7.17

(t,

J

=

5.7

Hz,

1H),

6.90 – 6.85 (m, 2H),

5.94 – 5.84

(m,

1H),

5.29 – 5.22 (m, 1H), 5.18 – 5.12 (m, 1H), 5.08 – 4.99 (m, 2H), 4.47–4.42 (m, 2H), 4.33 –
4.24 (m, 2H), 4.20 (t, J = 7.1 Hz, 1H), 4.04 – 3.97 (m, 1H), 3.71 (s, 3H), 2.97 – 2.90 (m,
2H), 1.71 – 1.56 (m, 2H), 1.41 – 1.32 (m, 2H), 1.32 – 1.25 (m, 2H).
13

C NMR (151 MHz, DMSO-d6) δ 172.27 (CO), 159.08(C), 156.10 (CO), 155.84 (CO),

143.79 (C), 143.69 (C), 140.38 (2xC), 133.82 (CH), 129.69 (C+2xCH), 127.59 (2xCH),
127.02 (2xCH), 125.20 (2xCH), 120.08 (2xCH), 116.79 (CH2), 113.72 (2xCH), 65.69
(CH2), 65.63 (CH2), 64.07 (CH2), 55.02 (CH3), 53.95 (CH), 46.59 (CH), 40.03 (CH2),
30.24 (CH2), 28.88 (CH2), 22.71 (CH2).
[α]25D (c = 0.9, CHCl3): -1.8
IR (cm–1, neat): 3326, 2947, 1687,1531, 1515, 1248, 736.
HRMS (ESI): calculated for C33H36N2O7Na [M+Na]+: 595.24147, found: 595.24142.
Rf = 0.5 (hexanes: EtOAc = 3:2)
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6.2.6. Synthesis of Fmoc-Lys(NH2)-OPMB TFA salt (6)

5 (5.80 g, 10.1 mmol, 1.00 equiv) was dissolved in 100 mL dry, degassed CH2Cl2 at 0
°C. AcOH (5.79 mL, 101 mmol, 10.0 equiv), phenylsilane (1.25 mL, 10.1 mmol,
1.00 equiv) and tetrakis(triphenylphosphine)palladium (1.17 g, 1.01 mmol, 0.10 equiv)
were added and the mixture was stirred under N2 and left to warm up to rt over the
course of 6 h. The solvent was removed under reduced pressure and the residue was
dissolved in 200 mL EtOAc, extracted 200 mL 0.2 M Na2HPO4 / 10 w/w % aq. citric acid
solution (pH 6) buffer three times, washed with brine, dried over Na2SO4 and
concentrated. The residue was dissolved in 100 mL CH3CN:H2O +0.01 v/v% TFA
solution and filtered. Volatile compounds were removed by lyophilization to obtain 5.40 g
(8.97 mmol, 89% yield) crude 6. The compound was purified by preparative HPLC for
analytical purposes.
1

H NMR (600 MHz, DMSO-d6) δ 7.90 (d, J = 7.5 Hz, 2H), 7.77 (d, J = 7.9 Hz, 1H), 7.74 –

7.67 (m, 2H), 7.61 (s, 3H), 7.45–7.38 (m, 2H), 7.35 – 7.29 (m, 2H), 7.29 – 7.25 (m, 2H),
6.91 – 6.82 (m, 2H), 5.09–5.01 (m, 2H), 4.38 – 4.31 (m, 1H), 4.30 – 4.22 (m, 1H), 4.20
(t, J = 6.9 Hz, 1H), 4.07 – 3.99 (m, 1H), 3.72 (s, 3H), 2.79 – 2.68 (m, 2H), 1.74 – 1.57
(m, 2H), 1.58 – 1.43 (m, 2H), 1.39 – 1.27 (m, 2H).
13

C NMR (151 MHz, DMSO-d6) δ 172.19 (CO), 159.13 (C), 156.16 (CO), 143.81 (CH),

143.69 (C), 140.73 (2xC), 129.76 (C+2xCH), 127.77 (CH), 127.63 (CH), 127.05 (CH),
127.03 (CH), 125.18 (CH), 125.12 (CH), 120.14 (2xCH), 113.76 (2xCH, CF3), 65.81
(CH2), 65.63 (CH2), 55.08 (CH3), 53.75 (CH), 46.62 (CH), 38.57 (CH2), 29.98 (CH2),
26.39 (CH2), 22.36 (CH2)
[α]26D (c = 0.3, MeOH): -3.3
IR (cm–1, neat): 2970, 1695, 1513, 1139, 1134, 1056, 761.
HRMS (ESI): calculated for C29H32N2O5Na [M+Na]+: 511.22034, found: 511.22023.
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6.2.7. Synthesis of non cleavable C-peptide allyl ester (7)

O

Fmoc

H
N

O
O

HN

O

O

O

H
N

O

O
O

O

4 (2.30 g, 5.58 mmol, 1.00 equiv) and N-methylmorpholine (1.23 ml, 11.2 mmol, 2.00
equiv) were dissolved in 50 ml DMF in a round-bottomed flask. Separately 3.36 g (5.58
mmol, 1.00 equiv) 6 was dissolved in 50 ml DMF. This solution was added drop wise to
the solution of 4 and the mixture was stirred at rt. After 3 h the reaction mixture was
diluted with 200 ml EtOAc and was washed with 200 ml 1 M KHSO4 solution two times,
400 ml brine and dried over Na2SO4. The solvent was evaporated and the crude product
was purified by flash column chromatography (Hexanes: EtOAc = 4:1 to 2:3) to give 7 as
a colorless oil (2.5 g, 3.28 mmol, 59% yield).
1

H NMR (600 MHz, DMSO-d6) δ 7.89 (d, J = 7.6 Hz, 2H), 7.77 (d, J = 7.7 Hz, 1H), 7.70

(d, J = 7.5 Hz, 2H), 7.65 (t, J = 6.2 Hz, 1H), 7.42 (t, J = 7.5 Hz, 2H), 7.32 (t, J = 7.4 Hz,
2H), 7.29 – 7.25 (m, 2H), 7.19 (t, J = 5.6 Hz, 1H), 6.90 – 6.82 (m, 2H), 5.94 – 5.85 (m,
1H), 5.34 – 5.27 (m, 1H), 5.24 – 5.18 (m, 1H), 5.08 – 4.97 (m, 2H), 4.60 – 4.55 (m, 2H),
4.33 – 4.17 (m, 3H), 4.09 – 3.96 (m, 5H), 3.77 (d, J = 6.2 Hz, 2H), 3.71 (s, 3H), 3.59 –
3.51 (m, 4H), 2.97 – 2.88 (m, 2H), 1.71 – 1.56 (m, 2H)), 1.42 – 1.31 (m, 2H), 1.33 – 1.22
(m, 2H)
13

C NMR (151 MHz, DMSO-d6) δ 172.30 (CO), 169.86(CO), 159.10 (C), 156.50 (CO),

156.13 (CO), 156.08 (CO), 143.81 (C), 143.72 (C), 140.70 (2xC), 132.37 (CH), 129.71
(2xCH), 127.82 (C), 127.62 (2xCH), 127.05 (CH), 127.03 (CH), 125.22 (CH), 125.19
(CH), 120.10 (2xCH), 117.80 (CH2), 113.74 (2xCH), 68.84 (CH2), 68.66 (CH2), 65.71
(CH2), 65.65(CH2), 64.72 (CH2), 63.53 (CH2), 62.95 (CH2), 55.05 (CH3), 53.97(CH),
46.61 (CH), 42.10(CH3), 40.06 (CH2), 30.26(CH2), 28.89(CH2), 22.75(CH2).
[α]25D (c = 0.7, CHCl3): -0.8
IR (cm–1, neat): 3323, 3949, 1688, 1535, 1263, 1173, 738.
HRMS (ESI): calculated for C40H47N3O12Na [M+Na]+: 784.30519, found: 784.30474.
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Rf = 0.8 (hexanes:EtOAc = 1:2)
6.2.8. Synthesis of non cleavable C-peptide (8)

O

Fmoc

H
N

O
O

O

HN

O

O

H
N

O

O
OH

O

7 (2.50 g, 3.28 mmol, 1.00 equiv) was dissolved in 35 ml dry, degassed CH2Cl2, cooled
to

0

°C.

morpholine

(0.59

ml,

6.89

mmol,

2.10

equiv)

morpholine

and

tetrakis(triphenylphosphine)palladium (0.34 g, 0.33 mmol, 0.10 equiv) were added and
the mixture was stirred under N2 and left to warm up to rt in the course of 2 h. The
reaction mixture was diluted with 100 ml ethyl acetate, washed with 100 ml 10 w/w %
aqueous citric acid solution, 100 ml brine and dried over Na2SO4. The solvent was
evaporated and the crude product was purified by flash column chromatography
(CH2Cl2:MeOH = 99:1 to 96:4) to give 8 as a colorless oil (2.0 g, 2.77 mmol, 80% yield).
1

H NMR (600 MHz, DMSO-d6) δ 7.89 (d, J = 7.6 Hz, 2H), 7.77 (d, J = 7.7 Hz, 1H), 7.70

(d, J = 7.5 Hz, 2H), 7.65 (t, J = 6.2 Hz, 1H), 7.42 (t, J = 7.5 Hz, 2H), 7.32 (t, J = 7.4 Hz,
2H), 7.29 – 7.25 (m, 2H), 7.19 (t, J = 5.6 Hz, 1H), 6.90 – 6.82 (m, 2H), 5.94 – 5.85 (m,
1H), 5.34 – 5.27 (m, 1H), 5.24 – 5.18 (m, 1H), 5.08 – 4.97 (m, 2H), 4.60 – 4.55 (m, 2H),
4.33 – 4.17 (m, 3H), 4.09 – 3.96 (m, 5H), 3.77 (d, J = 6.2 Hz, 2H), 3.71 (s, 3H), 3.59 –
3.51 (m, 4H), 2.97 – 2.88 (m, 2H), 1.71 – 1.56 (m, 2H)), 1.42 – 1.31 (m, 2H), 1.33 – 1.22
(m, 2H)
13

C NMR (151 MHz, DMSO-d6) δ 172.30 (CO), 169.86(CO), 159.10 (C), 156.50 (CO),

156.13 (CO), 156.08 (CO), 143.81 (C), 143.72 (C), 140.70 (2xC), 132.37 (CH), 129.71
(2xCH), 127.82 (C), 127.62 (2xCH), 127.05 (CH), 127.03 (CH), 125.22 (CH), 125.19
(CH), 120.10 (2xCH), 117.80 (CH2), 113.74 (2xCH), 68.84 (CH2), 68.66 (CH2), 65.71
(CH2), 65.65(CH2), 64.72 (CH2), 63.53 (CH2), 62.95 (CH2), 55.05 (CH3), 53.97(CH),
46.61 (CH), 42.10(CH3), 40.06 (CH2), 30.26(CH2), 28.89(CH2), 22.75(CH2).
[α]25D (c = 0.7, CHCl3): -0.8
IR (cm–1, neat): 3323, 3949, 1688, 1535, 1263, 1173, 738.
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HRMS (ESI): calculated for C40H47N3O12Na [M+Na]+: 784.30519, found: 784.30474.
Rf = 0.8 (hexanes:EtOAc = 1:2)
6.3. Synthesis of model insulin with non-cleavable C-peptide
6.3.1. Synthesis of α−Ketoacid segment 9

α−Ketoacid segment 9 was synthesized on Rink-Amide ChemMatrix resin preloaded
with Fmoc-Tyr-α-ketoacid with a loading of 0.16 mmol/g. After capping (Ac2O, Nmethylmorpholine),

the

synthesis

was

performed

on

0.80

mmol

scale

(5.10 g of resin) by automated Fmoc SPPS. Each amino acid (4.00 equiv) with the
exception of Fmoc-Cys(Acm)-OH residues were coupled with HCTU (3.98 equiv) Nmethylmorpholine (8.00 equiv) Fmoc protected amino acid (4.00 equiv) for 45 minutes.
Fmoc-Cys(Acm)-OH (8.00 equiv) residues were coupled with DIC (8.00 equiv) and HOBt
(8.00 equiv) for 2 h after 10 min preactivation of the amino acid and the reagents. The
peptide was cleaved from resin with the following cleavage cocktail: 95 v/v % TFA; 2.5
v/v % DODT; 2.5 v/v % H2O for 2 h at rt. 10.0 mL cleavage cocktail was used for 1.00 g
of peptidic resin. After 2 h the resin was filtered off and the volatile compounds were
removed under reduced pressure. The peptide was precipitated by the addition of Et2O.
The mixture was sonicated for 30 sec and the precipitate was centrifuged (4000 rpm for
5 min). The supernatant was discarded and the precipite was suspended in Et2O,
sonicated and centrifuged down as described above two times. The crude peptide was
dried briefly under high vacuum.
Purification of crude segment 9 was performed by preparative HPLC using heated
Shiseido Capcell Pak C18 column (50 x 250 mm) with a gradient of 20 to 80% CH3CN
with 0.1% TFA in 40 min. The pure product fractions were pooled and lyophilized to
obtain 9 (274 mg, 86.4 μmol, 10.8% yield for peptide synthesis, resin cleavage and
purification steps).
Analytical HPLC and HR-MS confirmed the purity and exact mass of the product. m/z
calculated for C148H212N37O39S2 [M+H]+: 3171.51791; 3171.51951 measured.
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Top: Analytical HPLC trace of purified 7 (heated Shiseido Capcell Pak C18 analytical
column,10 to 95% CH3CN with 0.1% TFA in 20 min).
Bottom: MALDI FTMS Measured and calculated isotopic pattern of the product
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6.3.2. Synthesis of (S)-5-Oxaproline segment 10

(S)-5-Oxaproline segment (10) was synthesized on Rink-Amide ChemMatrix resin
prelaoded with Fmoc-Arg with a substitution capacity of 0.20 mmol/g. After capping with
(Ac2O, N-methylmorpholine), the synthesis was performed on 0.50 mmol scale (2.50 g
of resin) by automated Fmoc SPPS. Each amino acid was coupled with HCTU (3.98
equiv) NMM (8.0 equiv) Fmoc protected amino acid (4.00 equiv) for 45 min unless
otherwise specified. Fmoc-Cys(Acm)-OH (8.0 equiv) residues were coupled with DIC
(8.00 eqiv) and HOBt (8.00 equiv) for 2 h after 10 min preactivation of the amino acid
and the reagents. Residues ThrA7 and SerA8 were coupled as a pseudoproline dipeptide
(3.00 equiv) HATU (3.00 equiv) NMM (6 equiv) for 2 h. Linker 8 (2 equiv) was coupled
with HATU (2.00 equiv) NMM (4 equiv) for 2 h. For Boc-Opr-OH (2.00 equiv) double
coupling was performed with HATU (2.00 equiv) N-methylmorpholine (4.00 equiv) for
2 h. The peptide was cleaved from resin with the following cleavage cocktail: 95 v/v %
TFA; 2.5 v/v % DODT; 2.5 v/v % H2O for 2 h at rt. 10.0 mL cleavage cocktail was used
for 1.00 g of peptidic resin. After 2 h the resin was filtered off and the volatile compounds
were removed under reduced pressure. The peptide was precipitated by the addition of
Et2O. The mixture was sonicated for 30 sec and the precipitate was centrifuged (4000
rpm for 5 min). The supernatant was discarded and the precipite was suspended in
Et2O, sonicated and centrifuged down as described above two times. The crude peptide
was dried briefly under high vacuum.
Purification of crude peptide (10) was performed by preparative HPLC using heated
Shiseido Capcell Pak C4 column (50 x 250 mm) with a gradient of 10 to 95% CH3CN
with 0.1% TFA in 40 min. The pure product fractions were pooled and lyophilized to
obtain 10 (451 mg, 106 μmol) 21% yield for peptide synthesis, resin cleavage and
purification steps).
Analytical HPLC and HR-MS confirmed the purity and exact mass of the product. m/z
calculated for C176H287N58O56S4 [M+H]+:4237.0270; 4237.0314 measured.
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Top: Analytical HPLC trace of purified 10 (heated Shiseido Capcell Pak C18 analytical column,10 to
95% CH3CN with 0.1% TFA in 20 min).
Bottom: MALDI FTMS Measured and calculated isotopic pattern of 10

6.3.3. KAHA ligation of segment 9 and 10

α−Ketoacid segment (9) (105 mg, 33.0 μmol, 0.70 equiv) and segment (10)
(200 mg, 47.2 μmol, 1.00 equiv) were dissolved in DMSO:H2O = 9:1, with 0.1 M oxalic
acid (3.15 mL, 15 mM) and shaked at 60 ºC. The progress of the ligation was monitored
by analytical HPLC using a heated Shiseido Capcell Pak C18 analytical column with a
gradient of 10 to 95% CH3CN with 0.1% TFA in 20 min. An aliquot of the ligation mixture
(0.1 μL) was taken at various time point, diluted to 12 μL with CH3CN:H2O = 1:1 and
injected on HPLC. The reaction mixture was diluted to 10 mL with DMSO and purified by
preparative HPLC using a Shiseido Capcell Pak C18 column (50 x 250 mm), heated at
60 ºC, with a gradient of 20 to 80% CH3CN with 0.1% TFA in 30 min. The fractions
containing the ligated product were pooled and lyophilized to give pure single chain
insulin (Acm6) (11) (133 mg, 18.1 μmol) 54% yield for ligation.
Analytical HPLC and HR-MS confirmed the purity and identity of (11). m/z calculated
for C321H497N95O93S6 measured for [M+H]+: 7366.5501 and 7366.5556 measured.
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Top: Analytical HPLC trace of the ligation reaction and of the purified product (heated Shiseido Capcell
Pak C18 analytical column,
10 to 95% CH3CN with 0.1% TFA in 20 min).
Bottom: MALDI FTMS Measured and calculated isotopic pattern of product (11)
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6.3.4. Acm deprotection of single chain insulin (12)

Acm protected single chain Insulin (11) (30.0 mg, 4.1 μmol, 1.00 equiv) was dissolved in
aq. solution of AcOH (8.14 mL, 0. 5 mM) containing 1% (m/m) AgOAc, then the mixture
was shaked for 2 h at 50 °C in the dark. The progress of the reaction was monitored by
analytical HPLC using a Vydac 214TP54 C4 analytical column with a gradient of 10 to
95% CH3CN with 0.1% TFA in 20 min. The reaction was quenched by the addition of
DTT (75.0 mg 0.5 mmol) which was dissolved in 2 mL 50% aq. solution of AcOH and
added to the reaction mixture at rt; yellow precipitated formed immediately. The mixture
was agitated for 15 min at rt. The formed precipitation was separated by centrifugation.
The supernatant was withdrawn and the precipitate was washed with 2x3 mL 50% aq.
solution of AcOH.
The compound was purified by preparative HPLC using using a heated Vydac
214MS1022 C4 column (22 x 250 mm) with a gradient of 10 to 95% CH3CN with 0.1%
TFA in 34 min. The fractions containing the reduced product were pooled and lyophilized
to give pure 12 (6.0 mg, 0.02 μmol, 20% yield). Analytical HPLC and HR-MS confirmed
the purity and identity of 12. m/z calculated for C303H468N89O87S6 [M+H]+: 6941.3345 and
measured for 6941.2402.
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Left: Analytical HPLC trace of 11 and purified 12 (analytical HPLC using a Vydac 214TP54 C4
analytical column 10 to 95% CH3CN with 0.1% TFA in 20 min).
Right: MALDI FTMS Measured and calculated isotopic pattern of product (12)

6.3.5. Folding of single chain insulin (14)

Acm deprotected insulin (12) (1.0 mg, 0.14 μmol, 1 equiv) was dissolved in 7.2 ml
freshly prepared denaturing buffer (6.0 M GnHCl, 0.2 M Tris, pH 8.6) at rt and was
agitated for 30 minutes. The buffer containing the peptide was transferred into a dialysis
cassette (Thermo Fischer Slide-A-Lyzer™ cassette, 3-12 ml, 3.5K MWCO) and dialyzed
against freshly prepared folding buffer (2.0 mM Cysteine Hydrochloride, 20.0 mM
Glycine, pH 10.5 at 4 0C overnight open to air. After 20 h the internal buffer was
removed via a syringe (8.0 ml) and the pH was set to 2 by the addition of 0.25 ml 10%
TFA in water. Analytical HPLC (Vydac 214TP54 C4 analytical column 10 to 95% CH3CN
with 0.1% TFA in 20 min) was used to confirm the completion of the folding reaction. On
the analytical HPLC the cleavage of the R tag was confirmed and a folded linear insulin
(14) was identified as main product in which the AsnA21 residue cyclized upon the
hydrolysis of the R-tag to a five membered ring. The product was isolated by preparative
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HPLC using a Vydac 214MS1022 C4 column (22 x 250 mm) with a gradient of 10 to
95% CH3CN with 0.1% TFA in 34 min (0.2 mg, 0.03 μmol, 20% yield. Analytical HPLC
and HR-MS confirmed the purity and identity (14). m/z calculated for C259H380N64O79S6
[M+H]+: 5843.6082 and measured for 5843.6452.

Left: Analytical HPLC trace of 12 and purified 14 (analytical HPLC using a Vydac 214TP54 C4
analytical column 10 to 95% CH3CN with 0.1% TFA in 20 min).
Right: MALDI FTMS Measured and calculated isotopic pattern of product (14)
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6.4. Synthesis prosthetic C-peptide for M2 insulin variant (20)
6.4.1. Diethoxy sulfonyl bis (4-nitrophenyl carbonate) (15)

Bis(hydroxyethyl) sulfone (5.00 g, 32.4 mmol, 1.00 equiv) and nitrophenol
chloroformate (16.3 g, 81.1 mmol, 2.50 equiv) were dissolved in 250 mL CH2Cl2 and
cooled to -78 °C. N-methylmorpholine (17.8 mL, 162.1 mmol, 5.00 equiv) Nmethylmorpholine was dissolved separately in 50.0 mL CH2Cl2 at rt. This solution was
added dropwise to the reaction mixture over the curse of 1 h. The reaction was left to stir
at –78 °C for 5 h and then it was allowed to warm up to rt overnight. The formed
precipitate was filtered off washed with CH2Cl2 to give pure 15 as a white solid (6.70 g,
13.8 mmol, 43% yield).
1

H NMR (400 MHz, DMSO-d6) δ 8.38 – 8.27 (m, 4H), 7.61 – 7.51 (m, 4H), 4.72 – 4.60

(m, 4H), 3.75 (t, J = 5.6 Hz, 4H).
13

C NMR (101 MHz, DMSO-d6) δ 155.09 (2xC), 151.50 (2xCO), 145.22 (2xC), 125.42

(4xCH), 122.52 (4xCH), 61.94 (2xCH2), 52.12 (2xCH2).
IR (cm–1, neat): 1763, 1528, 1349, 1258, 1216, 1127, 1069.
HRMS (ESI): calculated for C18H16N2O12SNa [M+Na]+: 507.03162, found: 507.03132.
Rf = 0.4 (hexanes: EtOAc = 1:1)
MP: 155–156 °C
6.4.2. Synthesis of allyl diethoxy sulfonyl (4-nitrophenyl carbonate) glycinate (16)

15 (5.50 g, 11.4 mmol, 1.00 equiv) was dissolved in 110 mL N,N-dimethylformamide
(DMF) in a round-bottomed flask. Separately 3 (1.72 g, 11.4 mmol, 1.00 equiv) was
dissolved in 30 mL DMF and N-methylmorpholine (2.44 mL, 22.4 mmol, 2.00 equiv) was
added to it. This solution was added drop wise to the solution of 15 and the mixture was
stirred at rt. After 3 h the reaction mixture was diluted with 400 mL EtOAc and washed
with 400 mL 1 M KHSO4 solution, 400 mL brine and dried over Na2SO4. The solvent was
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evaporated and the crude product was purified by flash column chromatography
(hexanes: EtOAc = 4:1 to 1:1) to give 16 as a colorless oil (1.70 g, 5.57 mmol, 32%
yield).
1

H NMR (600 MHz, DMSO-d6) δ 8.36–8.30 (m, 2H), 7.82 (t, J = 6.1 Hz, 1H), 7.60 – 7.54

(m, 2H), 5.90 (ddt, J = 17.3, 10.7, 5.4 Hz, 1H), 5.31 (dq, J = 17.3, 1.7 Hz, 1H), 5.21 (dt, J
= 10.5, 1.5 Hz, 1H), 4.66–4.59 (m, 2H), 4.59 (dt, J = 5.4, 1.5 Hz, 2H), 4.34 (t, J = 5.8 Hz,
2H), 3.82 (d, J = 6.1 Hz, 2H), 3.71 (t, J = 5.7 Hz, 2H), 3.55 (t, J = 5.8 Hz, 2H).
13

C NMR (151 MHz, DMSO-d6) δ 169.74 (CO), 155.80 (C), 155.13 (CO), 151.53 (CO),

145.25 (C), 132.34 (CH), 125.44 (2xCH), 122.55 (2xCH), 117.89 (CH2), 64.82 (CH2),
62.01 (CH2), 57.85 (CH2), 52.74 (CH2), 52.46 (CH2), 42.09 (CH2).
IR (cm–1, neat): 3318, 1750, 1692, 1524, 1268, 1210.
HRMS (ESI): calculated for C17H21N2O11S [M+H]+: 461.0861, found: 461.0867.
Rf = 0.3 (hexane: EtOAc = 1:1)
6.4.3. Synthesis of C-peptide allyl ester (17)

16 (2.80 g, 6.08 mmol, 1.00 equiv) and N-methylmorpholine (1.34 mL, 12.16 mmol,
2.00 equiv) were dissolved in 50 mL DMF in a round-bottomed flask. Separately 6
(3.68 g, 6.08 mmol, 1.00 equiv) was dissolved in 50 mL DMF. This solution was added
drop wise to the solution of 16 and the mixture was stirred at rt. After 3 h the reaction
mixture was diluted with 200 mL EtOAc and was washed with 200 mL 1 M KHSO4
solution two times and with 400 mL brine and dried over Na2SO4. The solvent was
evaporated and the crude product was purified by flash column chromatography
(hexanes: EtOAc = 4:1 to 1:1) to give 17 as a colorless oil (3.90 g, 4.82 mmol, 78%
yield).
1

H NMR (600 MHz, DMSO-d6) δ 7.89 (d, J = 7.6 Hz, 2H), 7.79 – 7.73 (m, 2H), 7.70 (d, J

= 7.5 Hz, 2H), 7.42 (t, J = 7.4 Hz, 2H), 7.35 – 7.28 (m, 2H), 7.28 – 7.21 (m, 3H), 6.87 (d,
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J

=

8.6

Hz,

2H),

5.94 – 5.85 (m, 1H),

5.34 – 5.27

(m,

1H),

5.24 – 5.18

(m, 1H), 5.08 – 4.98 (m, 2H), 4.60 – 4.56 (m, 2H), 4.34 – 4.24 (m, 6H), 4.20 (t, J = 7.1
Hz, 1H), 4.03 – 3.97 (m, 1H), 3.81 (d, J = 6.1 Hz, 2H), 3.71 (s, 3H), 3.53 – 3.47 (m, 4H),
2.99 – 2.90 (m, 2H), 1.72 – 1.56 (m, 2H), 1.43 – 1.31 (m, 2H), 1.33 – 1.22 (m, 2H).
13

C NMR (151 MHz, DMSO-d6) δ 172.29 (CO), 169.70 (CO), 159.10 (C), 156.13 (CO),

155.85 (CO), 155.40 (CO), 143.81 (C), 143.72 (C), 140.70 (2xC), 132.33 (CH), 129.72
(2xCH), 127.81 (2xCH), 127.62 (2xCH), 127.05 (C), 125.19 (2xCH), 120.10 (2xCH),
117.86 (2xCH), 113.74 (CH2), 65.72 (CH2), 65.65 (CH2), 64.79 (CH2), 57.94 (CH2), 57.32
(CH2), 55.05 (CH3), 53.96 (CH), 53.19 (CH2), 53.00 (CH2), 46.61 (CH), 42.09 (CH2),
40.06 (CH2), 30.26 (CH2), 28.83 (CH2), 22.76 (CH2).
[α]25D (c = 0.4, CHCl3): -1.1
IR (cm–1, neat): 3325, 2944, 1989, 1534, 1253, 1186, 1122.
HRMS (ESI): calculated for C40H47N3O13SNa [M+Na]+: 832.27218, found: 832.27178.
Rf = 0.8 (hexanes: EtOAc = 1:2)
6.4.4. Synthesis of C-peptide (18)

17 (3.90 g, 4.82 mmol, 1.00 equiv) was dissolved in 50 mL dry, degassed CH2Cl2,
cooled

to

0

°C.

Morpholine

(0.78 mL,

10.10 mmol,

2.10 equiv)

and

Tetrakis(triphenylphosphine)palladium (0.56 g, 0.48 mmol, 0.10 equiv) were added and
the mixture was stirred under N2 and left to warm up to rt in the course of 2 h.
The reaction mixture was diluted with 100 mL EtOAc, washed with 100 mL 10 w/w % aq.
citric acid solution, 100 mL brine and dried over Na2SO4. The solvent was evaporated
and the crude product was purified by flash column chromatography (CH2Cl2:MeOH =
99:1 to 96:4 + 1% AcOH) to give 18 as a colorless oil (2.0 g, 2.60 mmol, 54% yield).
1

H NMR (600 MHz, DMSO-d6) δ 7.92 – 7.87 (m, 2H), 7.77 (d, J = 7.8 Hz, 1H), 7.73 –
7.68 (m, 2H), 7.60 (t, J = 6.2 Hz, 1H), 7.45 – 7.38 (m, 2H), 7.36 – 7.29 (m, 2H), 7.29 –
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7.23 (m, 3H), 6.90 – 6.84 (m, 2H), 5.08 – 4.99 (m, 2H), 4.33 – 4.24 (m, 6H), 4.20 (t, J =
7.1 Hz, 1H), 4.08 – 3.97 (m, 1H), 3.71 (s, 3H), 3.67 (d, J = 6.1 Hz, 2H), 3.52 – 3.46 (m,
4H), 3.00 – 2.90 (m, 2H), 1.71 – 1.56 (m, 2H), 1.43 – 1.32 (m, 2H), 1.32 – 1.23 (m, 2H).
13

C NMR (151 MHz, DMSO-d6) δ 172.30 (CO), 171.37 (CO), 159.10 (C), 156.14 (CO),

155.81 (CO), 155.42 (CO), 143.81 (C), 143.73 (C), 140.71 (2xC), 129.72 (2xCH), 127.82
(C), 127.62 (2xCH), 127.06 (2xCH), 125.20 (2xCH), 120.10 (2xCH), 113.75 (2xCH),
65.73 (CH2), 65.66 (CH2), 57.84 (CH2), 57.32 (CH2), 55.05 (CH3), 53.97 (CH), 53.20
(CH2), 53.03 (CH2), 46.62 (CH), 42.05 (CH2), 40.06 (CH2), 30.27 (CH2), 28.84 (CH2),
22.76 (CH2)
[α]26D (c = 1.1, CHCl3): -13.7
IR (cm–1, neat): 3343, 2943, 1654, 1516, 1245, 1172, 1122.
HRMS (ESI): calculated for C37H43N3O13SNa [M+Na]+: 792.24088, found: 729.24046.
Rf = 0.3 (CH2Cl2:MeOH = 92:8)
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6.5. Synthesis of M2 insulin variant
6.5.1. Synthesis of (S)-5-Oxaproline segment 19

(S)-5-Oxaproline segment 19 was synthesized on Rink-Amide ChemMatrix resin
prelaoded with Fmoc-Arg with a loading of 0.14 mmol/g. After capping (Ac2O, Nmethylmorpholine), the synthesis was performed on 0.5 mmol scale (5.00 g of resin,
1.00 equiv) by automated Fmoc SPPS. Each amino acid was coupled with HCTU (3.98
equiv) N-methylmorpholine (8.00 equiv) Fmoc protected amino acid (4.00 equiv) for
45 minutes unless otherwise specified. Fmoc-Cys(Acm)-OH (8.00 equiv) residues were
coupled with DIC (8.00 equiv) and HOBt (8.00 equiv) for 2 h after 10 min preactivation of
the amino acid and the reagents. (4.00 equiv) 4-(Hydroxymethyl)benzoic acid was
coupled with HCTU (3.98 equiv) N-methylmorpholine (8.00 equiv) for 45 minutes. FmocGly-OH was coupled with DIC (8.00 equiv), HOBt (8.00 equiv) and DMAP (0.10 equiv)
for 2 h after 10 min preactivation of the amino acid and the reagents. Residues ThrA7
and SerA8 were coupled as a pseudoproline dipeptide (3.00 equiv) HATU (3.00 equiv) Nmethylmorpholine (6.00 equiv) for 2 h. Linker 18 (2.00 equiv) was coupled with HATU
(2.00 equiv) N-methylmorpholine (4.00 equiv) for 2 h. After the linker coupling capping
(acetic anhydride, N-methylmorpholine) was performed. For Boc-Opr-OH (2.00 equiv)
double coupling was performed with HATU (2.00 equiv) N-methylmorpholine (4.00
equiv) for 2 h.
The peptide was cleaved from resin with the following cleavage cocktail: 95 v/v % TFA;
2.5 v/v % DODT; 2.5 v/v % H2O) for 2 h at RT. 10.0 mL cleavage cocktail was used for
1.00 g of peptidic resin. After 2 h the resin was filtered off and the volatile compounds
were removed under reduced pressure. The peptide was precipitated by the addition of
Et2O. The mixture was sonicated for 30 sec and the precipitate was centrifuged down
(4000 rpm for 5 min). The supernatant was discarded the precipitation was suspended in
Et2O, sonicated and centrifuged down as described above two times. The crude peptide
was dried briefly under high vacuum.
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Purification of crude 19 was performed by preparative HPLC using Shiseido Capcell
Pak Proteonavi column (50 x 250 mm) with a gradient of 20 to 80% CH3CN with 0.1%
TFA in 30 min. The fractions containing the pure product were pooled and lyophilized to
obtain 19 (320 mg, 76.7 μmol, 10.8% yield for peptide synthesis, resin cleavage and
purification steps).
Analytical HPLC and HR-MS confirmed the purity and exact mass of the product. m/z
calculated for C174H283N57O56S5 [M+H]+:4227.9726; 4228.1133 measured.

Top: Analytical HPLC trace of purified product 19 (heated Shiseido Capcell Pak C18 analytical
column,10 to 95% CH3CN with 0.1% TFA in 20 min).
Bottom: MALDI FTMS Measured and calculated isotopic pattern of 19
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6.5.2. Synthesis of Acm protected linear insulin by KAHA ligation (20)

α−Ketoacid segment 9 (95.0 mg, 30.0 μmol, 0.70 equiv) and (S)-5-oxaproline segment
19 (180 mg, 43.0 μmol, 1.00 equiv) were dissolved in DMSO:H2O = 9:1, with 0.1 M
oxalic acid (2.84 mL, 15 mM) and shaked at 60 ºC. The progress of the ligation was
monitored by analytical HPLC using a heated Shiseido Capcell Pak C18 analytical
column, 10 to 95% CH3CN with 0.1% TFA in 20 min. An aliquot of the ligation mixture
(0.1 μL) was taken at various time point, diluted to 12 μL with CH3CN:H2O = 1:1 and
injected on HPLC. The reaction mixture was diluted to 10 mL with DMSO and purified by
heated preparative HPLC using a Shiseido Capcell Pak C18 column (20 x 250 mm),
heated at 60 ºC, with a gradient of 10 to 95% CH3CN with 0.1% TFA in 34 min. The
fractions containing the ligated product were pooled and lyophilized to give pure single
chain insulin (Acm6) 20 (95.0 mg, 12.2 μmol, 41% yield). Analytical HPLC and HR-MS
confirmed the purity and identity of 20. m/z calculated for C319H495N94O93S7 measured for
[M+H]+:7354.5 and 7354.4 measured.
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a): Analytical HPLC trace the ligation reaction and of the purified product 20 (heated Shiseido
Capcell Pak C18 analytical column, 10 to 95% CH3CN with 0.1% TFA in 20 min).
b): MALDI FTMS Measured and calculated isotopic pattern of product 20

6.5.3. Acm deprotection of linear insulin (21)

Acm protected linear insulin 20 (78.0 mg, 10.6 μmol, 1.00 equiv) was dissolved in a 50%
aq. solution of AcOH (35.3 mL, 0.3 mM) containing 353 mg (2.10 mmol) 1% (m/m)
AgOAc, then the mixture was agitated for 1 h at 40 °C in the dark. The reaction was
quenched by the addition of DTT (489 mg, 3.20 mmol), which was dissolved in 3 mL
50% aq. solution of AcOH and added to the reaction mixture at rt; yellow precipitated
formed immediately. The mixture was agitated for 15 min at rt. The formed precipitation
was separated by centrifugation. The supernatant was withdrawn and the precipitate
was washed with 2x5 mL 50% aq. solution of AcOH. 50.0 mg (0.18 mmol, 15.0 equiv)
TCEP HCl was added to the solution and incubated for 15 min at rt. The compound was
purified by preparative HPLC using a heated Phenomenex Jupiter (20 mm x 25 mm)
column with a gradient of 10 to 80% CH3CN with 0.1% TFA in 40 min. The fractions
containing the reduced product were pooled and lyophilized to give pure 21 (45.0 mg,
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6.49 μmol, 58% yield). Analytical HPLC and HR-MS confirmed the purity and identity of
the product. m/z calculated for C301H464N88O87S7 [M+H]+: 6928.27067 and measured for
6928.26980.

Top: Analytical HPLC trace of the purified product 9 (heated Shiseido Capcell Pak C18 analytical
column, 10 to 95% CH3CN with 0.1% TFA in 20 min).
Bottom: MALDI FTMS Measured and calculated isotopic pattern of product 21. Green triangles highlight
the calibration peaks

6.5.4. Folding of linear insulin (22)

Reduced linear insulin 21 (8.0 mg, 1.2 μmol, 1.0 equiv) was dissolved in 16.0 mL
freshly prepared folding buffer (6 M Gn HCl, 0.3 M Tris, 2mM cystein hydrochloride, pH
6.6) in a 50 mL Falcon tube and was vigorously stirred open to air at rt. After 1 h 16.0
mL Millipore H2O was added and the pH was set to 8.2 with 1 M NaOH solution. The
reaction vessel was closed and kept at 4 °C overnight. After 12 h the reaction was left to
warm to rt and was incubated at rt. After 4 h 3.0 mL 50% aq. solution of AcOH was
added and the product was isolated by preparative HPLC using a heated Shiseido
Capcell Pak C18 Type MG II (10 mm x 250 mm, 5 μm) semi-preparative column. The
fractions containing the folded product were pooled and lyophilized to give pure 22.
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Analytical HPLC and HR-MS confirmed the purity and identity of the product. m/z
calculated for C301H459N88O87S7 [M+H]+: 6926.23277 and measured for 6926.09837.

a) Analytical HPLC trace of following the folding reaction and of the purified product 10 (heated Shiseido
Capcell Pak C18 analytical column, 10 to 95% CH3CN with 0.1% TFA in 20 min).
b) MALDI FTMS Measured and calculated isotopic pattern of product 22. Green triangles highlight the
calibration peaks

6.5.5. Cleavage of the Arg-tag and the linker (23)

Lyophilized 22 was treated with 10 mL 0.1 M NaOH solution at 0 °C for 10 min. The
reaction was quenched by the addition of 2 mL 50% aq. solution of AcOH solution and
the final product was isolated by preparative HPLC using a heated Shiseido Capcell Pak
C18 Type MG II (10 mm x 250 mm, 5 μm) semi-preparative column to give pure 23 (0.7
mg, 0.12 μmol, 10% yield calculated from the folding precursor). Analytical HPLC and
HR-MS were used to confirm the purity and identity of the product. m/z calculated for
C251H374N63O74S6 [M+H]+: 5649.58 and measured for 5649.54.
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Top: Analytical HPLC trace of the purified product (heated Shiseido Capcell Pak C18 analytical
column, 10 to 95% CH3CN with 0.1% TFA in 20 min).
Bottom: MALDI FTMS Measured and calculated isotopic pattern of product.
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6.6. Synthesis prosthetic C-peptide for mouse insulin variant
6.6.1. Synthesis of Fmoc-Lys(NHAlloc)-Ser(tBu)-OtBu (24a)

Fmoc-Lys(NHAlloc)-OH

(5.50 g,

12.2 mmol,

1.00 equiv)

and

H-Ser(tBu)-OtBu

hydrochloride (3.08 g, 12.1 mmol, 1.00 equiv) were dissolved in 120 mL CH2Cl2. EDCI
(2.33 g, 12.15 mmol, 1.0 equiv),

N,N-diisopropylethylamine (2.12 mL, 12.2 mmol,

1.00 equiv) and 148 mg (0.23 mmol, 0.10 equiv) DMAP were added. The mixture was
left to stir at rt. After 3 h the mixture was diluted with 200 mL Et2O, washed with 150 mL
1 M HCl, 300 mL saturated aq. NaHCO3 solution, 150 mL brine and dried over Na2SO4.
The solvent was evaporated and the crude product was purified by flash column
chromatography (hexanes: EtOAc = 65:35) to give 24a as a colorless oil (3.20 g, 4.91
mmol, 41% yield).
1

H NMR (500 MHz, DMSO-d6) δ 7.92 (d, J = 8.0 Hz, 1H), 7.91 – 7.86 (m, 2H), 7.72 (dd,

J = 7.6, 4.2 Hz, 2H), 7.52 (t, J = 9.2 Hz, 1H), 7.41 (td, J = 7.5, 1.1 Hz, 2H), 7.32 (td, J =
7.5, 1.1 Hz, 2H), 7.17 (t, J = 5.6 Hz, 1H), 5.95 – 5.83 (m, 1H), 5.26 (dq, J = 17.3, 1.8 Hz,
1H), 5.15 (dq, J = 10.5, 1.5 Hz, 1H), 4.51 – 4.41 (m, 2H), 4.36 – 4.18 (m, 4H), 4.16 –
4.03 (m, 1H), 3.65 – 3.56 (m, 1H), 3.46 – 3.38 (m, 1H), 3.02 – 2.91 (m, 2H), 1.71 – 1.47
(m, 2H), 1.45 – 1.21 (m, 13H), 1.12 – 1.01 (m, 9H).
13

C NMR (126 MHz, DMSO) δ 172.06 (CO), 169.21 (CO), 155.95 (CO), 155.86 (CO),

143.84 (2xC), 140.68 (2xC), 133.85 (CH), 127.62 (2xCH), 127.05 (2xCH), 125.27
(2xCH), 120.09 (2xCH), 116.81 (CH), 80.55 (C), 72.67 (C), 65.62 (CH2), 64.09 (CH2),
61.71 (CH2), 54.37 (CH), 53.16 (CH), 46.65 (CH), 40.06 (CH2), 31.60 (CH2), 29.16
(CH2), 27.63 (3xCH3), 27.08 (3xCH3), 22.85 (CH2).
[α]24D (c = 1.15, CHCl3): 9.2
IR (u/cm–1, neat): 3313, 2974, 1702, 1525, 1246, 740
HRMS (ESI): calculated for C36H49N3O8Na1 [M+Na]+: 674.3412, found: 674.3403.
Rf = 0.4 (hexanes: EtOAc = 3:2)
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6.6.2. Synthesis of Fmoc-Lys(NH2)-Ser(tBu)-OtBu TFA salt (25a)

24a (3.20 g, 4.91 mmol, 1.00 equiv) was dissolved in 50 mL dry, degassed CH2Cl2 at 0
°C. AcOH (2.81 mL, 49.1 mmol, 10.0 equiv), phenyl silane (0.61 mL, 4.91 mmol,
1.00 equiv) and tetrakis(triphenylphosphine)palladium (0.57 g, 0.49 mmol, 0.1 equiv)
were added and the mixture was stirred under N2 and left to warm up to rt in the course
of 4 h. The solvent was removed under reduced pressure and the residue was dissolved
in 100 mL EtOAc, extracted 100 mL 0.2 M Na2HPO4 / 10 w/w % aq. citric acid solution
(pH 6) buffer three times, washed with brine, dried over Na2SO4 and concentrated. The
residue was dissolved in 100 mL CH3CN:H2O + 0.01 v/v% TFA solution and filtered.
Volatile compounds were removed by lyophilization to obtain crude 24a (1.78 g, 2.61
mmol, 53% yield). The compound was purified by preparative HPLC for analytical
purposes.
1

H NMR (500 MHz, DMSO-d6) δ 7.95 (d, J = 8.0 Hz, 1H), 7.92 – 7.86 (m, 2H), 7.81 (t, J

= 5.8 Hz, 3H), 7.72 (t, J = 7.5 Hz, 2H), 7.54 (d, J = 8.5 Hz, 1H), 7.42 (t, J = 7.5, 1.0 Hz,
2H), 7.32 (t, J = 7.5, 1.2 Hz, 2H), 4.37 – 4.30 (m, 1H), 4.28 (d, J = 6.4 Hz, 2H), 4.22 (t, J
=

7.1

Hz,

1H),

4.14 – 4.05

(m,

1H),

3.66 – 3.59 (m, 1H), 3.46 – 3.40 (m, 1H), 2.82 – 2.71 (m, 2H), 1.73 – 1.62 (m, 1H),
1.59 – 1.49 (m, 3H), 1.39 (s, 12H), 1.10 (s, 9H).
13

C NMR (126 MHz, DMSO) δ 171.98 (CO), 169.21 (2xCO), 158.65 (CF3), 158.40 (CF3),

158.14 (CF3), 157.88 (CF3), 156.00 (CO), 143.85 (C), 143.76 (C), 140.73 (2xC), 127.64
(2xCH), 127.07 (2xCH), 125.27 (2xCH), 120.13 (2xCH), 80.61 (C), 72.70 (C), 65.63
(CH2), 61.73 (CH2), 54.16 (CH), 53.18 (CH), 46.67 (CH), 38.70 (CH2), 31.29 (CH2),
27.64 (3xCH3), 27.09 (3xCH3), 26.62 (CH2), 22.48 (CH2).
[α]24D (c = 1.05, MeOH): -3.8019
IR (u/cm–1, neat): 1650, 1527, 1248, 1136, 739, 722
HRMS (ESI): calculated for C32H46N3O6 [M+H]+: 568.3381, found: 568.3379.
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6.6.3. Synthesis of C-peptide allyl ester (26a)

16 (1.20 g, 2.61 mmol, 1.00 equiv) and N-methylmorpholine (0.57 mL, 5.21 mmol,
2.00 equiv) were dissolved in 50 mL DMF in a round-bottomed flask. Separately 25a
(1.78 g, 2.61 mmol, 1.00 equiv) was dissolved in 20 mL DMF. This solution was added
dropwise to the solution of 16 and the mixture was stirred at rt. After 3 h the reaction
mixture was diluted with 150 mL EtOAc and was washed with 2x150 mL 1 M KHSO4
solution, 150 mL brine and dried over Na2SO4. The solvent was evaporated and the
crude product was purified by flash column chromatography (hexanes: EtOAc = 7:3 to
2:3) to give 26a as a colorless oil (1.0 g, 1.12 mmol, 43% yield).
The compound was repurified by preparative HPLC for analytical purposes.
1

H NMR (500 MHz, DMSO-d6) δ 7.92 (d, J = 8.0 Hz, 1H), 7.90 – 7.86 (m, 2H), 7.76 (t, J

= 6.1 Hz, 1H), 7.74 – 7.69 (m, 2H), 7.53 (t, J = 9.3 Hz, 1H), 7.41 (td, J = 7.5, 1.0 Hz, 2H),
7.32 (td, J = 7.5, 1.1 Hz, 2H), 7.27 (t, J = 5.5 Hz, 1H), 5.96 – 5.84 (m, 1H), 5.35 – 5.18
(m, 2H), 4.58 (dt, J = 5.4, 1.6 Hz, 2H),

4.38 – 4.18 (m, 8H), 4.14 – 4.03 (m, 1H),

3.81 (d, J = 6.1 Hz, 2H), 3.65 – 3.56 (m, 1H), 3.50 (q, J = 6.3 Hz, 4H), 3.46 – 3.38 (m,
1H), 2.99 – 2.95 (m, 2H), 1.70 – 1.60 (m, 1H), 1.59 – 1.47 (m, 1H), 1.39 (d, J = 1.3 Hz,
13H), 1.09 (d, J = 14.1 Hz, 9H).
13

C NMR (126 MHz, DMSO) δ 172.07 (CO), 169.71 (CO), 169.22 (CO), 155.97 (CO),

155.87 (CO), 155.41 (CO), 143.85 (C), 143.78 (C), 140.69 (2xC), 132.33 (CH), 127.61
(2xCH), 127.06 (2xCH), 125.28 (2xCH), 120.08 (2xCH), 117.87 (CH2), 80.57 (C), 72.68
(C), 65.63 (CH2), 64.80 (CH2), 61.72 (CH2), 57.96 (CH2), 57.34 (CH2), 54.38 (CH), 53.21
(CH), 53.04 (2xCH2), 46.66 (CH), 42.11 (CH2), 40.21 (CH2), 31.61 (CH2), 29.12 (CH2),
27.63 (3xCH3), 27.09 (3xCH3), 22.90 (CH2).
[α]24D (c = 0.95, CHCl3): 9.2
IR (u/cm–1, neat): 3332, 2974, 1710, 1525, 1159, 740
HRMS (ESI): calculated for C43H60N4Na1O14S [M+Na]+: 911.3719, found: 911.3712.
Rf = 0.3 (hexanes: EtOAc )= 2:3)

139

6. Experimental section
6.6.4. Synthesis of C-peptide (27a)

26a (1.00 g, 1.12 mmol, 1.0 equiv) was dissolved in 10 mL dry, degassed CH2Cl2,
cooled to 0 °C. Morpholine 0.10 mL (1.24 mmol, 1.1 equiv) morpholine and
tetrakis(triphenylphosphine)palladium (0.13 g, 0.11 mmol, 0.10 equiv) were added and
the mixture was stirred under N2 and left to warm up to rt over the course of 2 h. The
reaction mixture was diluted with 50 mL EtOAc, washed with 50 mL 10 w/w % aq. citric
acid solution, 50 mL brine and dried over Na2SO4. The solvent was evaporated and the
crude product was purified by flash column chromatography (hexanes: EtOAc = 3:1 to
1:1 + 1% HCOOH + 1% MeOH) to give 27a as a colorless oil (0.67 g, 0.78 mmol, 70%
yield).
1

H NMR (500 MHz, DMSO-d6) δ 7.92 (d, J = 7.9 Hz, 1H), 7.90 – 7.86 (m, 2H), 7.76 –

7.69 (m, 2H), 7.61 (t, J = 6.1 Hz, 1H), 7.52 (t, J = 9.3 Hz, 1H), 7.45 – 7.36 (m, 2H),
7.36 – 7.30 (m, 2H), 7.30 – 7.24 (m, 1H), 4.39 – 4.17 (m, 8H), 4.13 – 4.03 (m, 1H), 3.67
(d, J = 6.1 Hz, 2H), 3.65 – 3.58 (m, 1H), 3.56 – 3.46 (m, 4H), 3.46 – 3.38 (m, 1H), 3.03 –
2.92 (m, 2H), 1.70 – 1.58 (m, 1H), 1.58 – 1.48 (m, 1H), 1.47 – 1.21 (m, 13H), 1.13 –
1.01 (m, 9H).
13

C NMR (126 MHz, DMSO) δ 172.10 (CO), 171.40 (CO), 169.24 (CO), 155.99 (CO),

155.84 (CO), 155.43 (CO), 143.86 (C), 143.80 (C), 140.72 (2xC), 127.65 (2xCH), 127.08
(2xCH), 125.30 (2xCH), 120.10 (2xCH), 80.59 (C), 72.70 (C), 65.64 (CH2), 61.73 (CH2),
57.87 (CH2), 57.35 (CH2), 54.40 (CH), 53.24 (CH), 53.18 (CH2), 53.07 (CH2), 46.67
(CH), 42.07 (CH2), 40.22 (CH2), 31.62 (CH2), 29.14 (CH2), 27.65 (3xCH3), 27.10
(3xCH3), 22.92 (CH2).
[α]24D (c = 0.95, CHCl3): 7.9
IR (u/cm–1, neat): 3676, 2973, 1706, 1527, 1250, 1124
HRMS (ESI): calculated for C40H56N4Na1O14S [M+Na]+: 871.3406, found: 871.3407.
Rf = 0.3 (CH2Cl2:MeOH = 92:8)
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6.7. Synthesis of mouse insulin variant
6.7.1. Synthesis of α−Ketoacid segment 28

α−Ketoacid segment 28 was synthesized on Rink-Amide ChemMatrix resin preloaded
with Fmoc-Tyr-α-ketoacid with a loading of 0.2 mmol/g. After capping (Ac2O, Nmethylmorpholine), the synthesis was performed on 0.40 mmol scale (2.00 g of resin) by
automated Fmoc SPPS. Each amino acid (4.00 equiv) with the exception of FmocCys(Acm)-OH residues were coupled with HCTU (3.98 equiv) N-methylmorpholine (8.00
equiv) Fmoc protected amino acid (4.00 equiv) for 45 minutes. Fmoc-Cys(Acm)-OH
(8.00 equiv) residues were coupled with DIC (8.00 equiv) and HOBt (8.00 equiv) for 2 h
after 10 min preactivation of the amino acid and the reagents. The peptide was cleaved
from resin with the following cleavage cocktail: 95 v/v% TFA; 2.5 v/v% DODT; 2.5 v/v%
H2O for 2 h at rt. 10.0 mL cleavage cocktail was used for 1.00 g of peptidic resin. After 2
h the resin was filtered off and the volatile compounds were removed under reduced
pressure. The peptide was precipitated by the addition of Et2O. The mixture was
sonicated for 30 sec and the precipitate was centrifuged down (4000 rpm for 5 min). The
supernatant was discarded the precipitation was suspended in Et2O, sonicated and
centrifuged down as described above two times. The crude peptide was dried briefly
under high vacuum. Purification of crude peptide 28 was performed by preparative
HPLC using heated Shiseido Capcell Pak C18 column (50 x 250 mm) with a gradient of
20 to 80% CH3CN with 0.1% TFA in 40 min. The pure product fractions were pooled and
lyophilized to obtain 28 (235 mg, 73.5 μmol, 18 % yield for peptide synthesis, resin
cleavage and purification steps).
Analytical HPLC and ESI-MS confirmed the purity and exact mass of the product. m/z
calculated for C150H219N37O37S2 [M+H]+: 3194.5834; 3194.6277 measured.
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Top: Analytical HPLC trace of the purified product (heated Shiseido Capcell Pak C18 analytical
column, 10 to 95% CH3CN with 0.1% TFA in 20 min).
Bottom: HR-ESI-MS trace of the purified product. Measured and calculated isotopic pattern of the
product

6.7.2. Synthesis of (S)-5-oxaproline segment 29

(S)-5-Oxaproline segment 29 was synthesized on Rink-Amide ChemMatrix resin
prelaoded with Fmoc-Arg with a loading of 0.2 mmol/g. After capping (Ac2O,
N-methylmorpholine), the synthesis was performed on 0.20 mmol scale (1.00 g of resin,
1.00 equiv) by automated Fmoc SPPS. Each amino acid was coupled with HATU (3.98
equiv) N-methylmorpholine (8.00 equiv) Fmoc protected amino acid (4.00 equiv) for
45 minutes unless otherwise specified. Fmoc-Cys(AcM)-OH (8.00 equiv) residues were
coupled with DIC (8.00 equiv) and HOBt (8.00 equiv) for 2 h after 10 min preactivation of
the

amino

acid

4-(Hydroxymethyl)benzoic

and
acid

was

the
coupled
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N-methylmorpholine (8.0 equiv) for 45 minutes. Fmoc-Gly-OH was coupled with DIC
(8.00 equiv), HOBt (8.00 equiv) and DMAP (0.10 equiv) for 2 h after 10 min preactivation
of the amino acid and the reagents. Residues ThrA7 and SerA8 were coupled as a
pseudoproline

dipeptide

(3.00

equiv)

HATU

(3

equiv)

N-methylmorpholine (6.00 equiv) for 2 h. Linker 27a (2.00 equiv) was coupled with
HATU (2.00 equiv) N-methylmorpholine (4.00 equiv) for 2 h. After the linker coupling
capping (Ac2O, N-methylmorpholine) was performed. For Boc-Opr-OH (2.00 equiv)
double coupling was performed with HATU (2.00 equiv) N-methylmorpholine (4.00
equiv) for 2 h.
The peptide was cleaved from resin with the following cleavage cocktail: 95 v/v % TFA;
2.5 v/v % DODT; 2.5 v/v % H2O) for 2 h at RT. 10.0 mL cleavage cocktail was used for
1.0 g of peptidic resin. After 2 h the resin was filtered off and the volatile compounds
were removed under reduced pressure. The peptide was precipitated by the addition of
Et2O. The mixture was sonicated for 30 sec and the precipitate was centrifuged down
(4000 rpm for 5 min). The supernatant was discarded the precipitation was suspended in
Et2O, sonicated and centrifuged down as described above two times. The crude peptide
was dried briefly under high vacuum.
Purification of crude 29 was performed by preparative HPLC using Shiseido Capcell
Pak Proteonavi column (50 x 250 mm) with a gradient of 20 to 80% CH3CN with 0.1%
TFA in 30 min. The pure product fractions were pooled and lyophilized to obtain 29 (135
mg, 31.4 μmol) 16% yield for peptide synthesis, resin cleavage and purification steps).
Analytical HPLC and ESI-MS confirmed the purity and exact mass of the product. m/z
calculated for C176H286N58O58S5 [M+H]+: 4299.9817; 4299.9997 measured.
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Top: Analytical HPLC trace of the purified product (heated Shiseido Capcell Pak C18 analytical column,
10 to 95% CH3CN with 0.1% TFA in 20 min).
Bottom: HR-ESI-MS trace of the purified product. Measured and calculated isotopic pattern of the
product

6.7.3. Synthesis of Acm protected linear mouse insulin by KAHA ligation (30)

α−Ketoacid segment 28 (43.5 mg, 13.6 μmol, 0.90 equiv) and (S)-5-Oxaproline
segment 29 (65.0 mg, 15.1 μmol, 1.00 equiv) were dissolved in DMSO:H2O = 9:1 with
0.1 M oxalic acid (1.01 mL, 15 mM) and shaked at 60 ºC. The progress of the ligation
was monitored by analytical HPLC using a heated Shiseido Capcell Pak C18 analytical
column, 10 to 95% CH3CN with 0.1% TFA in 20 min. An aliquot of the ligation mixture
(0.1 μL) was taken at various time points, diluted to 12 μL with CH3CN:H2O = 1:1 and
injected on HPLC. The reaction mixture was diluted to 10 mL with DMSO and purified by
heated preparative HPLC using a Shiseido Capcell Pak C18 column (50 x 250 mm, 5
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μm), heated at 60 ºC, with a gradient of 10 to 95% CH3CN with 0.1% TFA in 34 min. The
fractions containing the ligated product were pooled and lyophilized to give pure 30 (66.0
mg, 8.90 μmol, 65% yield). Analytical HPLC and ESI-MS confirmed the purity and
identity of 30. m/z calculated for C325H505N95O93S7 [M+H]+: 7450.5752 and 7450.5902
measured.

Top: Analytical HPLC trace of the ligation reaction and of the purified product (heated Shiseido Capcell
Pak C18 analytical column, 10 to 95% CH3CN with 0.1% TFA in 20 min).
Bottom: HR-ESI-MS Measured and calculated isotopic pattern of product 30
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6.7.4. Acm deprotection of linear mouse insulin (31)

Acm protected linear insulin 30 (26.0 mg, 3.50 μmol, 1.00 equiv) was dissolved in a
50% aq. solution of AcOH (17.4 mL, 0.2 mM) containing 174 mg (1.10 mmol) 1% (m/m)
AgOAc, then the mixture was agitated for 1 h at 40 °C in the dark. The reaction was
quenched by the addition of DTT (241 mg, 1.60 mmol), which was dissolved in 3 mL
50% aq. solution of AcOH and added to the reaction mixture at rt; yellow precipitated
formed immediately. The mixture was agitated for 15 min at rt. The formed precipitation
was separated by centrifugation. The supernatant was withdrawn and the precipitate
was washed two times with 5 mL 50% aq. solution of AcOH . 15.0 mg (0.05 mmol, 15.0
equiv) TCEP HCl was added to the solution and incubated for 15 min at rt. The
compound was purified by preparative HPLC using a heated Shiseido Capcell Pak C18
(20 mm x 250 mm, 5 μm) column with a gradient of 10 to 80% CH3CN with 0.1% TFA in
40 min. The fractions containing the reduced product were pooled and lyophilized to give
pure 30 (4.0 mg, 0.6 μmol, 15% yield). Analytical HPLC and ESI-MS confirmedthe purity
and identity of the product. m/z calculated for C307H475N89O87S7 [M+H]+: 7024.3525 and
measured for 7024.3576.
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Top: Analytical HPLC trace of the purified product (heated Shiseido Capcell Pak C18
analytical column, 10 to 95% CH3CN with 0.1% TFA in 20 min).
Bottom: HR-ESI-MS Measured and calculated isotopic pattern of product 31
6.7.5. Folding of linear insulin (32)

Reduced linear insulin 31 (4.0 mg, 0.6 μmol, 1.0 equiv) was dissolved in 8.0 mL freshly
prepared folding buffer (6 M Gn HCl, 0.3 M Tris, 2mM Cystein hydrochloride, pH 6.6) in
a 50 mL Falcon tube and was vigorously stirred open to air at rt. After 1 h 8.0 mL
Millipore H2O was added and the pH was set to 8.2 with 1 M NaOH solution. The
reaction vessel was closed and kept at 4 °C overnight. After 12 h the reaction was left to
warm to rt and was incubated at rt. After 4 h 2.0 mL 50% aq. solution of AcOH was
added and the product was isolated by preparative HPLC using a heated Shiseido
Capcell Pak C18 Type MG II (10 mm x 250 mm, 5 μm) semi-preparative column. The
fractions containing the folded product were pooled, lyophilized to give pure 32.
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Analytical HPLC and ESI-MS confirmed the purity and identity of the product. m/z
calculated for C307H469N89O87S7 [M+H]+: 7018.3056 and measured for 7018.3140.

Top: Analytical HPLC trace of following the folding reaction and of the purified product
(heated Shiseido Capcell Pak C18 analytical column, 10 to 95% CH3CN with 0.1% TFA
in 20 min).
Bottom: HR-ESI-MS Measured and calculated isotopic pattern of product 32.
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6.7.6. Cleavage of the Arg-tag and the linker (33)

Lyophilized 32 was treated with 10 mL 0.1 M NaOH solution at 0 °C for 10 min. The
reaction was quenched by the addition of 2 mL 50% aq. solution of AcOH solution and
the final product was isolated by preparative HPLC using a heated Shiseido Capcell Pak
C18 Type MG II (10 mm x 250 mm, 5 μm) semi-preparative column to give pure 33 (0.5
mg, 0.1 μmol, 14% yield calculated from the folding precursor). Analytical HPLC and
HR-MS were used to confirm the purity and identity of the product. m/z calculated for
C257H384N66O74S6 [M+H]+: 5746.6577 and measured for 5746.6718.

Top: Analytical HPLC trace of the purified product (heated Shiseido Capcell Pak C18 analytical column,
10 to 95% CH3CN with 0.1% TFA in 20 min).
Bottom: HR-ESI-MS Measured and calculated isotopic pattern of product 33.
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6.8. Synthesis prosthetic C-peptide for guinea pig insulin variant
6.8.1. Synthesis of Fmoc-Lys(NHAlloc)-Asp(OtBu)-OtBu (24b)

Fmoc-Lys(NHAlloc)-OH (5.00 g, 11.1 mmol, 1.00 equiv) and H-Thr(tBu)-OtBu HCl (3.46
g, 12.2 mmol, 1.10 equiv) were dissolved in 45 mL DMF. HATU (4.20 g, 11.05 mmol, 1.0
equiv) and DIPEA (5.77 mL mg, 33.2 mmol, 3.00 equiv) were added. The mixture was
left to stir at rt. After 2 h the mixture was diluted with 400 mL EtOAc, washed with 200
mL 1 M HCl, 200 mL saturated aq. NaHCO3 solution, 200 mL brine and dried over
Na2SO4. The solvent was evaporated and the crude product was purified by flash
column chromatography (hexanes: EtOAc = 3:7) to give 24b as a colorless oil (6.82 g,
10.03 mmol, 91% yield).
1

H NMR (600 MHz, DMSO-d6) δ 8.22 (d, J = 8.1 Hz, 1H), 7.91 – 7.86 (m, 2H), 7.72 (t, J

= 7.2 Hz, 2H), 7.48 (d, J = 8.3 Hz, 1H), 7.44 – 7.38 (m, 2H), 7.36 – 7.29 (m, 2H), 7.17 (q,
J = 7.8, 5.7 Hz, 1H), 6.00 – 5.81 (m, 1H), 5.29 – 5.08 (m, 2H), 4.51 – 4.42 (m, 3H),
4.28 – 4.18 (m, 3H), 4.02 – 3.95 (m, 1H), 3.02 – 2.90 (m, J = 6.5 Hz, 2H), 2.64 (dd, J =
16.3, 6.1 Hz, 1H), 2.58 – 2.51 (m, 1H), 1.67 – 1.47 (m, 2H), 1.44 – 1.21 (m, 22H).
13

C NMR (151 MHz, DMSO) δ 171.83 (CO), 169.62 (CO), 169.11 (CO), 155.89 (CO),

155.86 (CO), 143.87 (C), 143.74 (C), 140.68 (2xC), 133.84 (CH), 127.61 (2xCH), 127.04
(2xCH), 125.27 (2xCH), 120.09 (2xCH), 116.82 (CH2), 80.86 (C), 80.40 (C), 65.62 (CH2),
64.09 (CH2), 54.38 (CH), 49.20 (CH), 46.64 (CH), 40.07 (CH2), 37.05 (CH2), 31.62
(CH2), 29.14 (CH2), 27.63 (3xCH3), 27.50 (3xCH3), 22.78(CH2).
[α]24D (c = 0.9, CHCl3): 9.9
IR (u/cm–1, neat): 3294, 1728, 1690, 1650, 1533, 1150.
HRMS (ESI): calculated for C37H49N3Na1O9 [M+Na]+: 702.3361, found: 702.3361.
Rf = 0.3 (hexanes: EtOAc = 4:1)
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6.8.2. Synthesis of Fmoc-Lys(NH2)-Asp(OtBu)-OtBu TFA salt (25b)

24b (6.80 g, 10.0 mmol, 1.00 equiv) was dissolved in 100 mL dry, degassed CH2Cl2 at 0
°C. AcOH (5.72 mL, 100.3 mmol, 10.0 equiv), phenyl silane (1.23 mL, 10.0 mmol,
1.00 equiv) and tetrakis(triphenylphosphine)palladium (1.16 g, 1.00 mmol, 0.10 equiv)
were added and the mixture was stirred under N2 and left to warm up to rt over the
course of 4 h. The solvent was removed under reduced pressure and the residue was
dissolved in 300 mL EtOAc, extracted 3x300 mL 0.2 M Na2HPO4 / 10 w/w % aq. citric
acid solution (pH 6) buffer, washed with brine, dried over Na2SO4 and concentrated. The
residue was dissolved in 100 mL CH3CN:H2O +0.01 v/v% TFA solution and filtered.
Volatile compounds were removed by lyophilization to obtain crude 25b (5.50 g, 7.75
mmol, 78% yield). The compound was purified by preparative HPLC for analytical
purposes.
1

H NMR (600 MHz, DMSO-d6) δ 8.25 (d, J = 8.1 Hz, 1H), 7.92 – 7.87 (m, 2H), 7.77 (t, J

= 5.6 Hz, 3H), 7.74 – 7.68 (m, 2H), 7.51 (d, J = 8.4 Hz, 1H), 7.45 – 7.39 (m, 2H), 7.37 –
7.29 (m, 2H), 4.51 – 4.44 (m, 1H), 4.26 (d, J = 7.9 Hz, 2H), 4.22 (d, J = 6.9 Hz, 1H),
4.05 – 3.97 (m, 1H), 2.81 – 2.71 (m, 2H), 2.69 – 2.61 (m, 1H), 2.54 (dd, J = 16.3, 6.9 Hz,
1H), 1.69 – 1.45 (m, 4H), 1.37 (d, J = 4.3 Hz, 20H).
13

C NMR (151 MHz, DMSO) δ 171.76 (CO), 169.62 (CO), 169.15 (2xCO), 158.54 (CF3),

158.33 (CF3), 158.11 (CF3), 157.89 (CF3), 155.95 (CO), 143.88 (C), 143.73 (C), 140.72
(2xC), 127.64 (2xCH), 127.04 (2xCH), 125.30 (CH), 125.24 (CH), 120.13 (2xCH), 80.92
(C), 80.45 (C), 65.62 (CH2), 54.19 (CH), 49.23 (CH), 46.66 (CH), 38.69 (CH2), 37.05
(CH2), 31.32 (CH2), 27.64 (3xCH3), 27.51 (3xCH3), 26.62 (CH2), 22.43 (CH2).
[α]24D (c =0.95, MeOH): -6.2
IR (u/cm–1, neat): 1666, 1520, 1201, 1143, 739, 758.
HRMS (ESI): calculated for C33H45N3Na1O7 [M+Na]+: 618.3150, found: 618.3151.
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6.8.3. Synthesis of C-peptide allyl ester (26b)

16 (3.57 g, 7.75 mmol, 1.00 equiv) and 1.67 mL (15.5 mmol, 2.00 equiv) Nmethylmorpholine were dissolved in 100 mL DMF in a round-bottomed flask. Separately
25b (5.50 g, 7.75 mmol, 1.00 equiv) was dissolved in 50 mL DMF. This solution was
added dropwise to the solution of 16 and the mixture was stirred at rt. After 3 h the
reaction mixture was diluted with 300 mL EtOAc and was washed with 2x300 mL 1 M
KHSO4 solution and with 300 mL brine, dried over Na2SO4. The solvent was evaporated
and the crude product was purified by flash column chromatography (hexanes: EtOAc =
4:1 to 3:7) to give 25b as a colorless oil (4.90 g, 5.34 mmol, 70% yield).
1

H NMR (600 MHz, DMSO-d6) δ 8.22 (d, J = 8.1 Hz, 1H), 7.89 (d, J = 7.6, 1.0 Hz, 2H),

7.76 (t, J = 6.1 Hz, 1H), 7.72 (t, J = 7.1 Hz, 2H), 7.48 (d, J = 8.3 Hz, 1H), 7.41 (t, J = 7.5,
1.1 Hz, 2H), 7.33 (t, J = 7.5, 1.4 Hz, 2H), 7.27 (t, J = 5.7 Hz, 1H), 5.95 – 5.85 (m, 1H),
5.34 – 5.18 (m, 2H), 4.59 (dt, J = 5.4, 1.5 Hz, 2H), 4.51 – 4.44 (m, 1H), 4.35 – 4.15 (m,
7H), 4.03 – 3.96 (m, 1H), 3.81 (d, J = 6.1 Hz, 2H), 3.58 – 3.39 (m, 4H), 3.02 – 2.92 (m,
2H), 2.68 – 2.60 (m, 1H), 2.58 – 2.51 (m, 1H), 1.68 – 1.49 (m, 2H), 1.46 – 1.22 (m, 22H).
13

C NMR (151 MHz, DMSO) δ 171.84 (CO), 169.71(CO), 169.63(CO), 169.12 (CO),

155.91 (CO), 155.87 (CO), 155.41 (CO), 143.88 (C), 143.75 (C), 140.69 (2xC), 132.33
(CH), 127.63 (2xCH), 127.06 (2xCH), 125.28 (2xCH), 120.10 (2xCH), 117.87 (CH2),
80.88 (C), 80.42 (C), 65.63 (CH2), 64.81 (CH2), 57.96 (CH2), 57.34 (CH2), 54.39 (CH),
53.21 (CH2), 53.03 (CH2), 49.21 (CH), 46.65 (CH), 42.10 (CH2), 40.17 (CH2), 37.06
(CH2), 31.63 (CH2), 29.09 (CH2), 27.64 (3xCH3), 27.51 (3xCH3), 22.83(CH2).
[α]24D (c =0.95, CHCl3): 6.3
IR (u/cm–1, neat): 2974, 2902, 1708, 1524, 1249, 1066, 1057.
HRMS (ESI): calculated for C44H60N4Na1O15S1 [M+Na]+: 939.3668, found: 939.3668.
Rf = 0.3 (hexanes: EtOAc = 3:7)
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6.8.4. Synthesis of C-peptide (27b)

26b (4.60 g, 5.02 mmol, 1.00 equiv) was dissolved in 50 mL dry, degassed CH2Cl2,
cooled

to

0

°C.

Morpholine

(0.44 mL,

5.52 mmol,

1.10 equiv)

and

tetrakis(triphenylphosphine)palladium (0.58 g, 0.50 mmol, 0.10 equiv) were added and
the mixture was stirred under N2 and left to warm up to rt in the course of 2 h. The
reaction mixture was diluted with 100 mL EtOAc, washed with 100 mL 10 w/w % aq.
citric acid solution, 100 mL brine and dried over Na2SO4. The solvent was evaporated
and

the

crude

product

was

purified

by

flash

column

chromatography

(CH2Cl2:MeOH:HCOOH = 95:5:0.01) to give 27b as a colorless oil (2.60 g, 2.96 mmol,
59% yield). The compound was repurified by preparative HPLC for analytical purposes.
1

H NMR (600 MHz, DMSO-d6) δ 8.22 (d, J = 8.1 Hz, 1H), 7.89 (d, J = 7.6, 1.0 Hz, 2H),

7.72 (t, J = 7.0 Hz, 2H), 7.61 (t, J = 6.2 Hz, 1H), 7.48 (d, J = 8.3 Hz, 1H), 7.41 (q, J = 7.5,
1.1 Hz, 2H), 7.33 (t, J = 7.3, 1.3 Hz, 2H), 7.27 (t, J = 5.8 Hz, 1H), 4.51 – 4.44 (m, 1H),
4.39 – 4.15 (m, 7H), 3.99 (s, 1H), 3.67 (d, J = 6.1 Hz, 2H), 3.53 – 3.46 (m, 4H), 3.03 –
2.91 (m, 2H), 2.68 – 2.52 (m, 2H), 1.68 – 1.47 (m, 2H), 1.47 – 1.21 (m, 22H).
13

C NMR (151 MHz, DMSO) δ 171.86 (CO), 171.40 (CO), 169.65 (CO), 169.14 (CO),

155.93 (CO), 155.84 (CO), 155.43 (CO), 143.89 (C), 143.77 (C), 140.71 (2xC), 127.65
(2xCH), 127.07 (2xCH), 125.30 (2xCH), 120.10 (2xCH), 80.90 (C), 80.44 (C), 65.64
(CH2), 57.88 (CH2), 57.36 (CH2), 54.41 (CH), 53.24 (CH2), 53.07 (CH2), 49.22 (CH),
46.67 (CH), 42.07 (CH2), 40.19 (CH2), 37.07 (CH2), 31.64 (CH2), 29.11 (CH2), 27.65
(3xCH3), 27.53 (3xCH3), 22.85 (CH2).
[α]24D (c =2.2, CHCl3): 6.9
IR (u/cm–1, neat): 1706, 1523, 1248, 1150, 1123, 740.
HRMS (ESI): calculated for C41H56N4Na1O15S1 [M+Na]+: 899.3355, found: 899.3351.
Rf = 0.3 (CH2Cl2:MeOH:HCOOH = 95:5:0.01 )
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6.9. Synthesis of guinea pig insulin variant
6.9.1. Synthesis of α−ketoacid segment 34

α−ketoacid segment was synthesized 34 on Rink-Amide ChemMatrix resin preloaded
with Fmoc-Tyr-α-ketoacid with a substitution capacity of 0.2 mmol/g. After capping
(Ac2O, N-methylmorpholine), the synthesis was performed on 0.4 mmol scale (2.00 g of
resin) by automated Fmoc SPPS. Each amino acid (4.00 equiv) with the exception of
Fmoc-Cys(Acm)-OH residues were coupled with HCTU (3.98 equiv) N-methylmorpholine
(8.00 equiv) Fmoc protected amino acid (4.00 equiv) for 45 minutes. Fmoc-Cys(Acm)OH (8.00 equiv) residues were coupled with DIC (8.00 equiv) and HOBt (8.00 equiv) for
2 h after 10 min preactivation of the amino acid and the reagents. The peptide was
cleaved from resin with the following cleavage cocktail: 95 v/v % TFA; 2.5 v/v % DODT;
2.5 v/v % H2O for 2 h at RT. 10.0 mL cleavage cocktail was used for 1.0 g of peptidic
resin. After 2 h the resin was filtered off and the volatile compounds were removed
under reduced pressure. The peptide was precipitated by the addition of Et2O. The
mixture was sonicated for 30 sec and the precipitate was centrifuged down (4000 rpm
for 5 min). The supernatant was discarded the precipitation was suspended in Et2O,
sonicated and centrifuged down as described above two times. The crude peptide was
dried briefly under high vacuum. Purification of crude peptide 34 was performed by
preparative HPLC using heated Shiseido Capcell Pak C18 column (50 x 250 mm) with a
gradient of 20 to 60% CH3CN with 0.1% TFA in 40 min. The pure product fractions were
pooled and lyophilized to obtain 34 (230 mg, 72.6 μmol, 18 % yield for peptide
synthesis, resin cleavage and purification steps).
Analytical HPLC and ESI-MS confirmed the purity and exact mass of the product. m/z
calculated for C142H205N35O44S2 [M+H]+: 3168.4321 measured for 3168.3033.
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Top: Analytical HPLC trace of the purified product (heated Shiseido Capcell Pak C18 analytical
column, 10 to 95% CH3CN with 0.1% TFA in 20 min).
Bottom: HR-ESI-MS trace of the purified product. Measured and calculated isotopic pattern of product
34

6.9.2. Synthesis of (S)-5-oxaproline segment (35)

(S)-5-Oxaproline segment 35 was synthesized on Rink-Amide ChemMatrix resin
prelaoded with Fmoc-Arg with a substitution capacity of 0.14 mmol/g. After capping
(Ac2O, N-methylmorpholine), the synthesis was performed on 0.3 mmol scale (2.00 g of
resin) by automated Fmoc SPPS. Each amino acid was coupled with HATU (3.98 equiv)
N-methylmorpholine (8.00 equiv) Fmoc protected amino acid (4.00 equiv) for 45 minutes
unless otherwise specified. Fmoc-Cys(Acm)-OH (8.00 equiv) residues were coupled with
DIC (8.00 equiv) and HOBt (8.00 equiv) for 2 h after 10 min preactivation of the amino
acid and the reagents. (4.00 equiv) 4-(Hydroxymethyl)benzoic acid was coupled with
HCTU (3.98 equiv) N-methylmorpholine (8.00 equiv) for 45 minutes. Fmoc-Gly-OH was
coupled with DIC (8.00 equiv), HOBt (8.00 equiv) and DMAP (0.10 equiv) for 2 h after 10
min preactivation of the amino acid and the reagents. Residues GlyA9 and ThrA10 were
coupled as

a pseudoproline dipeptide (3.00 equiv) HATU (3.00 equiv)

N-

methylmorpholine (6.00 equiv) for 2 h. Linker 27b (2.00 equiv) was coupled with HATU
(2.00 equiv) N-methylmorpholine (4.00 equiv) for 2 h. After the linker coupling capping
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(Ac2O, N-methylmorpholine) was performed. For Boc-Opr-OH (2.00 equiv) double
coupling was performed with HATU (2.00 equiv) N-methylmorpholine (4.00 equiv) for 2
h.
The peptide was cleaved from resin with the following cleavage cocktail: 95 v/v% TFA;
2.5 v/v% DODT; 2.5 v/v% H2O) for 2 h at RT. 10.0 mL cleavage cocktail was used for
1.0 g of peptidic resin. After 2 h the resin was filtered off and the volatile compounds
were removed under reduced pressure. The peptide was precipitated by the addition of
Et2O. The mixture was sonicated for 30 sec and the precipitate was centrifuged down
(4000 rpm for 5 min). The supernatant was discarded the precipitation was suspended in
Et2O, sonicated and centrifuged down as described above two times. The crude peptide
was dried briefly under high vacuum.
Purification of crude 35 was performed by preparative HPLC using Shiseido Capcell
Pak C18 column (50 x 250 mm) with a gradient of 20 to 80% CH3CN with 0.1% TFA in
30 min. The pure product fractions were pooled and lyophilized to obtain 35 (200 mg,
46.6 μmol, 16% yield for peptide synthesis, resin cleavage and purification steps).
Analytical HPLC and HR-MS confirmed the purity and exact mass of the product. m/z
calculated for C171H281N63O57S5 [M+H]+: 4288.930 measured for 4288.9696.

Top: Analytical HPLC trace of the purified product (heated Shiseido Capcell Pak C18 analytical
column, 10 to 95% CH3CN with 0.1% TFA in 20 min).
Bottom: HR-MS trace of the purified product. Measured and calculated isotopic pattern of product 35
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6.9.3. One pot synthesis of Acm protected linear guinea pig insulin by KAHA ligation (36)
and Acm deprotection of the ligated product (37)

α−ketoacid segment 34 (9.5 mg, 3.0 μmol, 1.00 equiv) and (S)-5-Oxaproline segment 35
(12.9 mg, 3.0 μmol, 1.00 equiv) were dissolved in DMSO:H2O = 9:1 with 0.1 M oxalic
acid (1.01 mL, 15 mM) and shaked at 60 ºC. The progress of the ligation was monitored
by analytical HPLC using a heated Shiseido Capcell Pak C18 analytical column, 10 to
95% CH3CN with 0.1% TFA in 20 min. An aliquot of the ligation mixture (0.1 μL) was
taken at various time points, diluted to 12 μL with CH3CN:H2O = 1:1 and injected on
HPLC. After 20 h the ligation was complete. The reaction mixture was diluted with 10.1
mL 50% aq. solution of AcOH and 101.10 mg (0.60 mmol, 1m/m %) AgOAc was added
then the mixture was agitated for 1 h at 40 °C in the dark. The reaction was quenched by
the addition of DTT (140.0 mg, 0.9 mmol), which was dissolved in 3 mL 50% aq. solution
of AcOH and added to the reaction mixture at rt; yellow precipitated formed immediately.
The mixture was agitated for 15 min at rt. The formed precipitation was separated by
centrifugation. The supernatant was withdrawn and the precipitate was washed two
times with 4 mL of the same solution. TCEP HCl (289 mg, 1.01 mmol, 500 equiv) was
added to the solution and incubated for 15 min at rt. The compound was purified by
preparative HPLC using a heated Shiseido Capcell Pak Proteonavi column (50 x 250
mm) column with a gradient of 15 to 80% CH3CN with 0.1% TFA in 40 min. The fractions
containing the reduced product were pooled and lyophilized to give pure 36 (6.0 mg, 0.9
μmol, 29% yield for two steps). Analytical HPLC and ESI-MS confirmed the purity and
identity of the product. m/z calculated for C294H456N92O93S7 [M+H]+: 6987.1826. and
measured for 6987.2016.
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a) Curse of the ligation and the Acm deprotection followed by analytical HPLC (heated Shiseido Capcell
Pak C18 analytical column, 10 to 95% CH3CN with 0.1% TFA in 20 min).
b): HR-ESI-MS trace of the purified Acm deptotected peptide 37.
c) HR-ESI-MS trace of the ligated peptide 36

6.9.4.Folding of linear guinea pig insulin (38)

Reduced linear guinea piginsulin 37 (6.0 mg, 0.9 μmol, 1.0 equiv) was dissolved in 12.0
mL freshly prepared folding buffer (6 M Gn HCl, 0.3 M Tris, 2 mM cystein hydrochloride,
pH 6.6) in a 50 mL falcon tube and was vigorously stirred open to air at rt. After 1 h, 12.0
mL Millipore H2O was added and the pH was set to 8.2 with 1 M NaOH solution. The
reaction vessel was closed and kept at 4 °C overnight. After 12 h, the reaction was left to
warm to rt and was incubated at rt. After 4 h 2.0 mL 50% aq. solution of AcOH was
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added and the product was isolated by preparative HPLC using a heated Shiseido
Capcell Pak C18 Type MG II (10 mm x 250 mm, 5 μm) semi-preparative column. The
fractions containing the folded product were pooled lyophilized to give pure 38.
Analytical HPLC and ESI-MS confirmed the purity and identity of the product. m/z
calculated for C294H450N92O93S7 [M+H]+: 6981.1356 and measured for 6981.1597.

Top: Analytical HPLC trace following the folding and of the purified product (heated Shiseido Capcell
Pak C18 analytical column, 10 to 95% CH3CN with 0.1% TFA in 20 min).
Bottom: HR-ESI-MS Measured and calculated isotopic pattern of the product
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6.9.5.Cleavage of the Arg-tag and the linker (39)

Lyophilized 38 was treated with 5 mL 0.1 M NaOH solution at 0 °C for 10 min. The
reaction was quenched by the addition of 2 mL 50% aq. solution of AcOH solution and
the final product was isolated by preparative HPLC using a heated Shiseido Capcell Pak
C18 Type MG II (10 mm x 250 mm, 5 μm) semi-preparative column to give pure 39 (0.2
mg, 0.04 μmol, 4% yield for two steps). Analytical HPLC and HR-MS confirmed the
purity and identity of the product. m/z calculated for C244H365N67O80S6 [M+H]+: 5705.4877
and measured for 5705.5009.

Top: Analytical HPLC trace of the purified product (heated Shiseido Capcell Pak C18 analytical
column, 10 to 95% CH3CN with 0.1% TFA in 20 min).
Bottom: HR-ESI-MS Measured and calculated isotopic pattern of the product
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6.10. Synthesis prosthetic C-peptide for human insulin variant
6.10.1. Synthesis of Fmoc-Lys(NHAlloc)-Thr(tBu)-OtBu (40)

Fmoc-Lys(NHAlloc)-OH (10.0 g, 22.1 mmol, 1.00 equiv) and H-Thr(tBu)-OtBu
(4.60 g, 19.9 mmol, 0.90 equiv) were dissolved in 200 mL CH2Cl2. EDCI (4.24 g,
22.1 mmol, 1.00 equiv) EDCI and DMAP (270 mg 2.21 mmol, 0.1 equiv) were added.
The mixture was left to stir at rt. After 3 h the mixture was diluted with 400 mL Et2O,
washed with 300 mL 1 M HCl, 300 mL saturated aq. NaHCO3 solution, 300 mL brine and
dried over Na2SO4. The solvent was evaporated and the crude product was purified by
flash column chromatography (hexanes: EtOAc = 65:35) to give 40 as a colorless oil
(10.5 g, 15.8 mmol, 79% yield).
1

H NMR (600 MHz, DMSO-d6) δ 7.91 – 7.86 (m, 2H), 7.75 – 7.69 (m, 2H), 7.60 (d, J =

8.8 Hz, 1H), 7.56 (d, J = 8.3 Hz, 1H), 7.44 – 7.38 (m, 2H), 7.36 – 7.29 (m, 2H), 7.17 (t, J
= 5.7 Hz, 1H), 5.94 – 5.84 (m, 1H), 5.29 – 5.22 (m, 1H), 5.18 – 5.12 (m, 1H), 4.44 (dt, J
= 5.3, 1.6 Hz, 2H), 4.33 – 4.16 (m, 4H), 4.15 – 4.02 (m, 2H), 3.01 – 2.90 (m, J = 6.6 Hz,
2H),

1.71 –

1.47

(m,

2H),

1.43 – 1.19

(m,

13H),

1.11

(s,

9H),

1.04

(d, J = 6.3 Hz, 3H).
13

C NMR (151 MHz, DMSO-d6) δ 172.35 (CO), 169.33 (CO), 155.97 (CO), 155.85 (CO),

143.84 (C), 143.75 (C), 140.69 (2xC), 133.85 (CH), 127.62 (2xCH), 127.04 (2xCH),
125.25 (2xCH), 120.10 (2xCH), 116.83 (CH2), 80.65 (C), 73.24 (C), 66.88 (CH), 65.61
(CH2), 64.09 (CH2), 57.91 (CH), 54.46 (CH), 46.65 (CH), 40.09 (CH2), 31.40 (CH2),
29.15 (CH2), 28.39 (3xCH3), 27.68 (3xCH3), 22.87 (CH2), 19.90 (CH3).
[α]25D (c = 0.9, CHCl3): +2.3
IR (cm–1, neat): 3316, 2976, 1704, 1661, 1520, 1246, 1144, 739.
HRMS (ESI): calculated for C37H51N3O8Na [M+Na]+: 688.35684, found: 688.35647.
Rf = 0.4 (hexanes: EtOAc = 6:4)
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6.10.2. Synthesis of Fmoc-Lys(NH2)-Thr(tBu)-OtBu TFA salt (41)

40 (10.5 g, 15.77 mmol, 1.00 equiv) was dissolved in 150 mL dry, degassed CH2Cl2 at
0 °C. AcOH 9.02 mL, 157 mmol, 10.0 equiv), phenyl silane (1.94 mL, 15.8 mmol, 1.00
equiv) phenylsilane and tetrakis(triphenylphosphine)palladium (1.82 g, 1.58 mmol, 0.10
equiv) were added and the mixture was stirred under N2 and left to warm up to rt in the
course of 4 h. The solvent was removed under reduced pressure and the residue was
dissolved in 300 mL EtOAc, extracted 3x300 mL 0.2 M Na2HPO4 / 10 w/w % aq. citric
acid solution (pH 6) buffer, washed with brine, dried over Na2SO4 and concentrated. The
residue was dissolved in 100 mL CH3CN:H2O +0.01 v/v% TFA solution and filtered.
Volatile compounds were removed by lyophilization to obtain crude 41 (9.55 g, 13.7
mmol, 87% yield). The compound was purified by preparative HPLC for analytical
purposes.
1

H NMR (600 MHz, DMSO-d6) δ 7.90 (d, J = 7.5 Hz, 2H), 7.71 (t, J = 8.1 Hz, 2H), 7.66

(s, 3H), 7.59 (d, J = 8.6 Hz, 2H), 7.42 (t, J = 7.5 Hz, 2H), 7.33 (t, J = 7.4 Hz, 2H), 4.30 (d,
J = 7.5 Hz, 2H), 4.26 – 4.18 (m, 2H), 4.14 (td, J = 9.2, 4.4 Hz, 1H), 4.11 – 4.05 (m, 1H),
2.82 – 2.71 (m, 2H), 1.73 – 1.64 (m, 2H), 1.59 – 1.50 (m, 2H), 1.41 – 1.31 (m, 11H),
1.11 (s, 9H), 1.07 – 1.02 (m, 3H).
13

C NMR (151 MHz, DMSO-d6) δ 172.26 (CO), 169.30 (2xCO), 157.9 (CF3), 156.02

(CO), 143.83 (2xC), 140.71 (2xC), 127.64 (2xCH), 127.05 (2xCH), 125.22 (2xCH),
120.14 (2xCH), 80.71 (C), 73.27 (C), 66.87 (CH2), 65.61 (CH), 57.92 (CH), 54.21 (CH),
46.66 (CH), 38.72 (CH2), 31.05 (CH2), 28.40 (3xCH3), 27.69 (3xCH3), 26.60 (CH2), 22.48
(CH2), 19.97 (CH3).
IR (cm–1, neat): 2977, 1668, 1520, 1138, 1080, 739.
HRMS (ESI): calculated for C33H47N3O6Na [M+Na]+: 604.33571, found: 604.33504.
[α]26D (c = 0.9, MeOH): -7.0
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6.10.3. Synthesis of C-peptide allyl ester (42)

16 (2.30 g, 5.00 mmol, 1.00 equiv) and N-methylmorpholine (1.14 mL, 10.0 mmol, 2.00
equiv) were dissolved in 100 mL DMF in a round-bottomed flask. Separately 41 (3.48 g,
5.00 mmol, 1.00 equiv) was dissolved in 50 mL DMF. This solution was added dropwise
to the solution of 16 and the mixture was stirred at rt. After 3 h the reaction mixture was
diluted with 300 mL EtOAc and was washed with 2x300 mL 1 M KHSO4 solution and
with 300 mL brine, dried over Na2SO4. The solvent was evaporated and the crude
product was purified by flash column chromatography (hexanes: EtOAc = 7:3 to 2:3) to
give 27 as a colorless oil (2.20 g, 2.45 mmol, 49% yield).
1

H NMR (600 MHz, DMSO-d6) δ 7.91 – 7.86 (m, 2H), 7.76 (t, J = 6.1 Hz, 1H), 7.74 –

7.69 (m, 2H), 7.58 (dd, J = 14.8, 8.5 Hz, 2H), 7.44 – 7.38 (m, 2H), 7.35 – 7.29 (m, 2H),
7.27 (t, J = 5.8 Hz, 1H), 5.94 – 5.85 (m, 1H), 5.34 – 5.27 (m, 1H), 5.24 – 5.18 (m, 1H),
4.61 – 4.56 (m, 2H), 4.34 – 4.17 (m, 8H), 4.15 – 4.09 (m, 1H), 4.09 – 4.03 (m, 1H), 3.81
(d, J = 6.1 Hz, 2H), 3.53 – 3.46 (m, 4H), 3.02 – 2.90 (m, J = 6.7 Hz, 2H), 1.71 – 1.48 (m,
2H), 1.46 – 1.20 (m, 13H), 1.11 (s, 9H), 1.04 (d, J = 6.2 Hz, 3H).
13

C NMR (151 MHz, DMSO-d6) δ 172.34 (CO), 169.70 (CO), 169.33 (CO), 155.98 (CO),

155.85 (CO), 155.39 (CO), 143.84 (C), 143.75 (C), 140.69 (2xC), 132.33 (CH), 127.60
(2xCH), 127.04 (2xCH), 125.25 (2xCH), 120.10 (2xCH), 117.86 (CH2), 80.66 (C), 73.24
(C), 66.88 (CH), 65.61 (CH2), 64.79 (CH2), 57.91(CH, CH2), 57.32 (CH2), 54.46 (CH),
53.19 (CH2), 53.01 CH2), 46.65 (CH), 42.09 (CH2), 40.19 (CH2), 31.39 (CH2), 29.10
(CH2), 28.39 (3xCH3), 27.68 (3xCH3), 22.92 (CH2), 19.91 (CH3)
[α]26D (c = 0.6, CHCl3): -0.5
IR (cm–1, neat): 3335, 2976, 1710, 1524, 1161, 1123, 740.
HRMS (ESI): calculated for C44H62N4O14SNa [M+Na]+: 925.38754, found: 925.38662.
Rf = 0.8 (hexanes: EtOAc = 1:2)
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6.10.4. Synthesis of C-peptide (43)

Fmoc

H
N

OtBu

O
N
H

COOtBu

HN

O
O

O
S
O

H
N

O

O
OH

O

42 (5.40 g, 5.98 mmol, 1.00 equiv) was dissolved in 50 mL dry, degassed CH2Cl2,
cooled

to

0

°C.

Morpholine

(0.52 mL,

6.58 mmol,

1.10 equiv)

and

tetrakis(triphenylphosphine)palladium (0.35 g, 0.30 mmol, 0.05 equiv) were added and
the mixture was stirred under N2 and left to warm up to rt in the course of 2 h. The
reaction mixture was diluted with 100 mL EtOAc, washed with 100 mL 10 w/w % aq.
citric acid solution, 100 mL brine and dried over Na2SO4. The solvent was evaporated
and the crude product was purified by flash column chromatography (hexanes: EtOAc =
3:1 to 1:1 + 1% HCOOH + 1% MeOH) to give 43 as a colorless oil (3.92 g, 4.55 mmol,
76% yield).
1

H NMR (600 MHz, DMSO-d6) δ 7.91 – 7.86 (m, 2H), 7.74 – 7.69 (m, 2H), 7.63 – 7.54

(m, 3H), 7.45 – 7.38 (m, 2H), 7.35 – 7.30 (m, 2H), 7.27 (t, J = 5.7 Hz, 1H), 4.35 – 4.25
(m, 6H), 4.25 – 4.16 (m, 2H), 4.15 – 4.03 (m, 2H), 3.67 (d, J = 6.1 Hz, 2H), 3.50 (q, J =
5.5 Hz, 4H), 3.01 – 2.90 (m, J = 6.6 Hz, 2H), 1.71 – 1.48 (m, 2H),
1.46 – 1.19 (m, 13H), 1.11 (s, 9H), 1.04 (d, J = 6.2 Hz, 3H).
13

C NMR (151 MHz, DMSO-d6) δ 172.35 (CO), 171.37 (CO), 169.33 (CO), 155.98 (CO),

155.81 (CO), 155.40 (CO), 143.84 (C), 143.76 (C), 140.69 (2xC), 127.63 (2xCH), 127.05
(2xCH), 125.25 (2xCH), 120.08 (2xCH), 80.66 (C), 73.25 (C), 66.88 (CH), 65.61 (CH2),
57.92 (CH), 57.84 (CH2), 57.32 (CH2), 54.46 (CH), 53.20 (CH2), 53.04 (CH2), 46.65
(CH), 42.05 (CH2), 40.20 (CH2), 31.40 (CH2), 29.11 (CH2), 28.39 (3xCH3), 27.68(3xCH3),
22.92 (CH2), 19.91 (CH2).
[α]26D (c = 0.9, CHCl3): -1.8
IR (u/cm–1, neat): 3333, 2977, 1706, 1525, 1160, 1123, 1077.
HRMS (ESI): calculated for C41H57N4O14SNa2 [M+Na]+: 907.33819, found: 907.33719.
Rf = 0.3 (CH2Cl2:MeOH = 92:8)
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6.11. Synthesis of human insulin variant
6.11.1 Synthesis of (S)-5-Oxaproline segment 44

(S)-5-Oxaproline segment 44 was synthesized on Rink-Amide ChemMatrix resin
prelaoded with Fmoc-Arg with a substitution capacity of 0.2 mmol/g. After capping with
(Ac2O, N-methylmorpholine), the synthesis was performed on 0.4 mmol scale (2.00 g of
resin, 1.00 equiv) by automated Fmoc SPPS. Each amino acid were coupled with HCTU
(3.98 equiv) N-methylmorpholine (8.00 equiv) Fmoc protected amino acid (4.0 equiv) for
45 minutes unless otherwise specified. Fmoc-Cys(Acm)-OH (8.0 equiv) residues were
coupled with DIC (8.00 equiv) and HOBt (8.00 equiv) for 2 h after 10 min preactivation of
the amino acid and the reagents. Fmoc-amino-3-(2-nitrophenyl)propionic acid (4.00
equiv) was coupled with HATU (3.98 equiv) N-methylmorpholine (8.00 equiv). Residues
ThrA7 and SerA8 were coupled as a pseudoproline dipeptide (3.00 equiv) HATU (3.00
equiv) N-methylmorpholine (6.00 equiv) for 2 h. Linker 43 (2.00 equiv) was coupled with
HATU (2.00 equiv) N-methylmorpholine (4.00 equiv) for 2 h. After the linker coupling
capping
(Ac2O, N-methylmorpholine) was performed. For Boc-Opr-OH (2.00 equiv) double
coupling was performed with HATU (2.00 equiv) N-methylmorpholine (4.00 equiv) for 2
h.
The peptide was cleaved from resin with the following cleavage cocktail: 95 v/v % TFA;
2.5 v/v % DODT; 2.5 v/v % H2O) for 2 h at rt. 10.0 mL cleavage cocktail was used for 1.0
g of peptidic resin. After 2 h the resin was filtered off and the volatile compounds were
removed under reduced pressure. The peptide was precipitated by the addition of Et2O.
The mixture was sonicated for 30 sec and the precipitate was centrifuged down (4000
rpm for 5 min). The supernatant was discarded the precipitation was suspended in Et2O,
sonicated and centrifuged down as described above two times. The crude peptide was
dried briefly under high vacuum.
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Purification of crude 44 was performed by preparative HPLC using Shiseido Capcell
Pak Proteonavi column (50 x 250 mm) with a gradient of 20 to 80% CH3CN with 0.1%
TFA in 30 min. The pure product fractions were pooled and lyophilized to obtain 12 (591
mg, 0.133 mmol) 33.3% yield for peptide synthesis, resin cleavage and purification
steps).
Analytical HPLC and HR-MS confirmed the purity and exact mass of the product. m/z
calculated for C181H294N60O61S5 [M+H]+:4444.0351, 4444.0413 measured.

Top: Analytical HPLC trace of the purified product (heated Shiseido Capcell Pak C18 analytical
column, 10 to 95% CH3CN with 0.1% TFA in 20 min).
Bottom: HR-ESI-MS Measured and calculated isotopic pattern of the product.
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6.11.2. Synthesis of Acm protected linear insulin by KAHA ligation 45

α−Ketoacid segment 9 (62.8 mg, 19.8 μmol, 0.80 equiv) and (S)-5-Oxaproline segment
44 (110 mg, 24.7 μmol, 1.00 equiv) were dissolved in DMSO:H2O = 9:1 with 0.1 M oxalic
acid (1.65 mL, 15 mM) and shaked at 60 ºC. The progress of the ligation was monitored
by analytical HPLC using a heated Shiseido Capcell Pak C18 analytical column, 10 to
95% CH3CN with 0.1% TFA in 20 min. An aliquot of the ligation mixture (0.1 μL) was
taken at various time points, diluted to 12 μL with CH3CN:H2O = 1:1 and injected on
HPLC. The reaction mixture was diluted to 10 mL with DMSO and purified by heated
preparative HPLC using a Shiseido Capcell Pak C18 column (20 x 250 mm), heated at
60 ºC, with a gradient of 10 to 95% CH3CN with 0.1% TFA in 34 min. The fractions
containing the ligated product were pooled and lyophilized to give pure 45 (97.0 mg,
12.2 μmol) 61% yield for ligation. Analytical HPLC and HR-MS confirmed the purity and
identity of 45. m/z calculated for C326H505N97O98S7 measured for [M+H]+: 7570.5559 and
7570.6099 measured.
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Top: Analytical HPLC trace the ligation reaction and of the purified product (heated Shiseido
Capcell Pak C18 analytical column, 10 to 95% CH3CN with 0.1% TFA in 20 min).
Bottom: HR-ESI-MS Measured and calculated isotopic pattern of the product .

6.11.3. Acm deprotection of linear insulin 46

Acm protected linear insulin 45 (43.0 mg, 5.80 μmol, 1.00 equiv) was dissolved in a 50%
aq. solution of AcOH (29.2 mL, 0.2 mM) containing 292 mg (1.6 mmol) 1% (m/m)
AgOAc, then the mixture was agitated for 1 h at 40 °C in the dark. The reaction was
quenched by the addition of DTT (404 mg, 2.60 mmol), which was dissolved in 3 mL
50% aq. solution of AcOH and added to the reaction mixture at rt; yellow precipitated
formed immediately. The mixture was agitated for 15 min at rt. The formed precipitation
was separated by centrifugation. The supernatant was withdrawn and the precipitate
was washed two times with 5 mL 50% aq. solution of AcOH. TCEP HCl (25.0 mg, 0.09
mmol, 15.0 equiv) was added to the solution and incubated for 15 min at rt. The
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compound was purified by preparative HPLC using a heated Phenomenex Jupiter
(20 mm x 25 mm) column with a gradient of 10 to 80% CH3CN with 0.1% TFA in 40 min.
The fractions containing the reduced product were pooled and lyophilized to give pure
46 (21.0 mg, 2.94 μmol, 51% yield). Analytical HPLC and HR-MS were used to confirm
the purity and identity of the product. m/z calculated for C308H475N91O92S7 [M+H]+:
7144.3333 and measured for 7144.3591.

Top: Analytical HPLC trace of the purified product (heated Shiseido Capcell Pak C18 analytical
column, 10 to 95% CH3CN with 0.1% TFA in 20 min).
Bottom: HR-ESI-MS Measured and calculated isotopic pattern of the product.

6.11.4. Folding of linear insulin 47

Reduced linear insulin 46 (8.5 mg, 0.6 μmol, 1.0 equiv) was dissolved in 17.0 mL
freshly prepared folding buffer (6 M Gn HCl, 0.3 M Tris, 2 mM cystein hydrochloride, pH
6.6) in a 50 mL falcon tube and was vigorously stirred open to air at rt. After 1 h 17.0 mL
Millipore H2O was added and the pH was set to 8.2 with 1 M NaOH solution. The
reaction vessel was closed and kept at 4 °C overnight. After 12 h the reaction was left to
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warm to rt and was incubated at rt. After 4 h 2.0 mL 50% aq. solution of AcOH was
added and the product was isolated by preparative HPLC using a heated Shiseido
Capcell Pak C18 Type MG II (10 mm x 250 mm, 5 μm) semi-preparative column. The
fractions containing the folded product were pooled to give pure 47. Analytical HPLC and
HR-MS confirmed the purity and identity of the product. m/z calculated for
C308H469N91O92S7 [M+H]+: 7138.2863 and measured for 7138.3026.

Top: Analytical HPLC trace the folding reaction and of the purified product (heated Shiseido Capcell
Pak C18 analytical column, 10 to 95% CH3CN with 0.1% TFA in 20 min).
Bottom: ESI-MS Measured and calculated isotopic pattern of the product
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6.11.5.Cleavage of the R-tag and the linker 48

The pooled preparative HPLC fractions of 47 were irradiated for 1 h at 365 nm with a
hand held UV lamp at rt. After irradiation the solvents were removed by lyophilization.
The crude lyophilized peptide was treated with 8 mL 0.1 M NaOH solution at 0 °C for 10
min. The reaction was quenched by the addition of 2 mL 50% aq. solution of AcOH
solution and the final product was isolated by preparative HPLC using a heated Shiseido
Capcell Pak C18 Type MG II (10 mm x 250 mm, 5 μm) semi-preparative column to give
pure 48 (0.7 mg, 0.12 μmol, 10% yield for three steps). Analytical HPLC and HR-MS
confirmed the purity and identity of the product. m/z calculated for C257H383N65O77S6
[M+H]+: 5803.6376 and measured for 5803.6571.

Top: Analytical HPLC trace of the purified product (heated Shiseido Capcell Pak C18 analytical
column, 10 to 95% CH3CN with 0.1% TFA in 20 min).
Bottom: HR-MS trace of the purified product. Measured and calculated isotopic pattern of product.
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6.11.6. Synthesis of (S)-5-Oxaproline segment 49

(S)-5-Oxaproline segment 49 was synthesized on Rink-Amide ChemMatrix resin
prelaoded with Fmoc-Asp(OH)-OtBu via its side chain with a substitution capacity of 0.2
mmol/g. After capping with (Ac2O, N-methylmorpholine), the synthesis was performed
on 0.4 mmol scale (2.00 g of resin, 1.00 equiv) by automated Fmoc SPPS. Each amino
acid were coupled with HCTU (3.98 equiv) N-methylmorpholine (8.00 equiv) Fmoc
protected amino acid (4.0 equiv) for 45 minutes unless otherwise specified. FmocCys(Acm)-OH (8.0 equiv) residues were coupled with DIC (8.00 equiv) and HOBt (8.00
equiv) for 2 h after 10 min preactivation of the amino acid and the reagents. Fmocamino-3-(2-nitrophenyl)propionic acid (4.00 equiv) was coupled with HATU (3.98 equiv)
N-methylmorpholine (8.00 equiv). Residues ThrA7 and SerA8 were coupled as a
pseudoproline dipeptide (3.00 equiv) HATU (3.00 equiv) N-methylmorpholine (6.00
equiv) for 2 h. Linker 43 (2.00 equiv) was coupled with HATU (2.00 equiv)
N-methylmorpholine (4.00 equiv) for 2 h. After the linker coupling capping (Ac2O,
N-methylmorpholine) was performed. For Boc-Opr-OH (2.00 equiv) double coupling was
performed with HATU (2.00 equiv) N-methylmorpholine (4.00 equiv) for 2 h.
The peptide was cleaved from resin with the following cleavage cocktail: 95 v/v% TFA;
2.5 v/v% DODT; 2.5 v/v% H2O) for 2 h at rt. 10.0 mL cleavage cocktail was used for 1.0
g of peptidic resin. After 2 h the resin was filtered off and the volatile compounds were
removed under reduced pressure. The peptide was precipitated by the addition of Et2O.
The mixture was sonicated for 30 sec and the precipitate was centrifuged down (4000
rpm for 5 min). The supernatant was discarded the precipitation was suspended in Et2O,
sonicated and centrifuged down as described above two times. The crude peptide was
dried briefly under high vacuum.
Purification of crude 49 was performed by preparative HPLC using Shiseido Capcell
Pak Proteonavi column (50 x 250 mm) with a gradient of 20 to 80% CH3CN with 0.1%
TFA in 30 min. The pure product fractions were pooled and lyophilized to obtain 49 (280
mg, 0.844 mmol) 19% yield for peptide synthesis, resin cleavage and purification steps).

172

6. Experimental section
Analytical HPLC and HR-MS were used to confirm the purity and exact mass of the
product.

m/z

calculated

for

C136H214N34O52S5

[M+H]+:3338.36421;

3338.35252

measured.

Top: Analytical HPLC trace of the purified product
(heated Phenomenex Jupiter C4
analytical column, 20 to 60% CH3CN with 0.1% TFA in 20 min).
Bottom: MALDI FTMS Measured and calculated isotopic pattern of the product
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6.11.7. Synthesis of Acm protected linear insulin by KAHA ligation 50

α−Ketoacid segment 9 (2.9 mg, 0.9 μmol, 1.00 equiv) and Opr segment 49 (6.0 mg, 1.8
μmol, 2.00 equiv) were dissolved in 9:1 DMSO:H2O with 0.1 M oxalic acid (0.12 mL, 15
mM) and shaked at 60 ºC. The progress of the ligation was monitored by analytical
HPLC using a heated Phenomenex Jupiter C4 analytical column (20 to 60% CH3CN with
0.1% TFA in 20 min). An aliquot of the ligation mixture (0.1 μL) was taken at various
time point, diluted to 12 μL with CH3CN:H2O = 1:1 and injected on HPLC. The reaction
mixture was diluted to 10 mL with DMSO and purified by heated preparative HPLC using
a Phenomenex Jupiter (10 mm x 250 mm) semi-preparative column, heated at 60 ºC,
with a gradient of 20% to 65% CH3CN with 0.1% TFA in 40 min. The fractions containing
the ligated product were pooled and lyophilized to give pure 50 (4.0 mg, 0.6 μmol) 69%
yield for ligation. Analytical HPLC and HR-MS confirmed the purity and identity of 50.
m/z calculated for C281H425N71O89S7 measured for [M+H]+: 6442.9031 and 6442.9266
measured.
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Left: Analytical HPLC trace the ligation reaction and of the purified product
(heated Phenomenex Jupiter C4
analytical column, 20 to 60% CH3CN with 0.1% TFA in 20 min).
Right: MALDI FTMS Measured and calculated isotopic pattern of the product . Green triangles highlight
the calibration peaks-
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6.12. Circular Dichroism measurments
Peptide samples recombinant Insulin (human, Aldrich), synthetic M2 (23) and synthetic
human (48) were dissolved in 10 mM aq. potassium phosphate buffer (pH 7.0) at a
concentration of 21 μM. Data were collected through 10 scans in a 1 mm path length
cuvette at a scan speed of 100 scan/min. The previously recorded background was
subtracted from the recorded spectra. The measured millidegree values were converted
to mean residual ellipticity by the following equation: mean residue ellipticity =
millidegrees/(pathlength in mm x concentration of sample in mol/liter x number of
residues).

CD spectrum of authentic human
recombinant insulin

CD spectrum of synthetic human
insulin (23)
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CD spectrum of synthetic M2
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6.13. Digestion study

a) Digestion sites of insulin by endoproteinase Glu C (in synthetic human insulin ThrB27 is mutated to
HseB27 b) fragments obtained by digestion c) Top: Analytical HPLC trace the of the digested synthetic
insulin Bottom: analytical HPLC trace the of the digestion reaction of recombinant insulin (heated Shiseido
Capcell Pak C18 analytical column, 10 to 95% CH3CN with 0.1% TFA in 20 min).

For digestion experiments Endoproteinase GluC was used from New England BioLabs
Inc. 0.10 mg (0.02 μmol) insulin placed into a 1000 mmL eppendorf. 0.24 mL GluC
buffer was added. The mixture was diluted with 0.24 mL Millipore-H2O. 50.0 ng GluC
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endoproteinase

was

reconstituted

in

0.2

mL

Millipore-H2O.

0.02

mL

GluC

endoproteinase solution was added to the buffer containing the peptide sample and was
incubated at 37 °C for 3 h. The reaction was analyzed by analytical HPLC using a
heated Shiseido Capcell Pak C18 analytical column, 5 to 60% CH3CN with 0.1% TFA in
20 min.
Synthetic human insulin variant (HseB27) and recombinant human insulin were
submitted to digestion. The reaction mixtures were analyzed by HPLC and HR MS. In
both experiments F-2, F-3, F-4, F-4-R, F-5 fragments were observed by HPLC and
identified by mass spectrometry respectively. F-1 fragment was not observed in any of
the experiments. Under the digestion conditions F-4 further hydrolyzed to give F-4-R
fragment in both experiments. F-2 fragment showed earlier elution time in the case of
synthetic insulin compared to F-2 fragment obtained from recombinant insulin. The
difference in the retention time is attributed to the Thr to Hse mutation.
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Measured and calculated isotopic pattern of digested fragment F-2
Top: Recombinant insulin
Bottom: Synthetic insulin

Measured and calculated isotopic pattern of digested fragment F-3
Top: Recombinant insulin
Bottom: Synthetic insulin
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Measured and calculated isotopic pattern of digested fragment F-4
Top: Recombinant insulin
27
Bottom: Synthetic insulin (Thr is mutated to Homoserine)

Measured and calculated isotopic pattern of digested fragment F-4R
Top: Recombinant insulin
27
Bottom: Synthetic insulin (Thr is mutated to Homoserine)
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Measured and calculated isotopic pattern of digested fragment F-5
Top: Recombinant insulin
Bottom: Synthetic insulin

6.12. Insulin receptor phosphorylation assay
Biological activity of each prepared synthetic insulin analogues were measures by a cellbased assay as described before.1
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6.13. Synthesis of human insulin variant with novel hydroxylamine
6.13.1 Synthesis of (S)-4,4-difluoro-5-oxaproline segment 52

(S)-4,4-difluoro-5-oxaproline segment 52 was synthesized on Rink-Amide ChemMatrix
resin

prelaoded

with

Fmoc-Arg

with

a

substitution

capacity

of

0.14 mmol/g. After capping with (Ac2O, N-methylmorpholine), the synthesis was
performed on 3 μmol scale (0.20 g of resin, 1.00 equiv) by automated
Fmoc SPPS. Each amino acid were coupled with HCTU (3.98 equiv) Nmethylmorpholine (8.00 equiv) Fmoc protected amino acid (4.0 equiv) for 45 minutes
unless otherwise specified. Fmoc-Cys(Acm)-OH (8.0 equiv) residues were coupled with
DIC (8.00 equiv) and HOBt (8.00 equiv) for 2 h after 10 min preactivation of the amino
acid and the reagents. Fmoc-amino-3-(2-nitrophenyl)propionic acid (4.00 equiv) was
coupled with HATU (3.98 equiv) N-methylmorpholine (8.00 equiv). Residues ThrA7 and
SerA8 were coupled as a pseudoproline dipeptide (3.00 equiv) HATU (3.00 equiv) Nmethylmorpholine (6.00 equiv) for 2 h. Linker 43 (2.00 equiv) was coupled with HATU
(2.00 equiv) N-methylmorpholine (4.00 equiv) for 2 h. After the linker coupling capping
(Ac2O,

N-methylmorpholine)

was

performed.

Photoprotected

(S)-4,4-difluoro-5-

oxaproline (2.00 equiv) was coupled with HOAt (2.00 equiv) DIC (4.00 equiv) for 2 h.
The peptide was cleaved from resin with the following cleavage cocktail: 95 v/v% TFA;
2.5 v/v% DODT; 2.5 v/v% H2O) for 2 h at rt. 10.0 mL cleavage cocktail was used for 1.0
g of peptidic resin. After 2 h the resin was filtered off and the volatile compounds were
removed under reduced pressure. The peptide was precipitated by the addition of Et2O.
The mixture was sonicated for 30 sec and the precipitate was centrifuged down (4000
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rpm for 5 min). The supernatant was discarded the precipitation was suspended in Et2O,
sonicated and centrifuged down as described above two times. The crude peptide was
dried briefly under high vacuum.
Purification of crude 51 was performed by preparative HPLC using Shiseido Capcell Pak
C18 Type MG II (20 mm x 250 mm, 5 μm) preparative column with a gradient of 20 to
80% CH3CN with 0.1% TFA in 30 min. The fractions containing the pure product (51)
were pooled and irradiated for 1 h at 365 nm with a hand held UV lamp. The crude
photo-deprotected peptide 52 (9 mg, 2 μmol, 7% yield) was lyophilized and used without
further purification..
Analytical HPLC and HR-MS confirmed the purity and exact mass of the products. m/z
calculated for C183F2H288N58O60S5 [M+H]+:4455.9839, 4455.9949 measured for 51. m/z
calculated for C174H281F2N57O56S5 [M+H]+:4262.9464, 4262.9625 measured for 52.

a) Analytical HPLC trace of the products (heated Shiseido Capcell Pak C18 analytical column,
10 to 95% CH3CN with 0.1% TFA in 20 min).
b) and c) HR-ESI-MS Measured and calculated isotopic pattern of the products .
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6.13.2. Synthesis of Acm protected linear insulin by KAHA ligation 53

α−Ketoacid segment 9 (6.3 mg, 2.0 μmol, 1. 0 equiv) and (S)-4,4-difluoro-5-oxaproline
segment

52

(8.5

mg,

2.0 μmol,

1.00

equiv)

were

dissolved

in

DMSO:H2O = 9:1 with 0.1 M oxalic acid (0.13 mL, 15 mM) and shaked at 60 ºC. The
progress of the ligation was monitored by analytical HPLC using a heated Shiseido
Capcell Pak C18 analytical column, 10 to 95% CH3CN with 0.1% TFA in 20 min. An
aliquot of the ligation mixture (0.1 μL) was taken at various time points, diluted to 12 μL
with CH3CN:H2O = 1:1 and injected on HPLC. The reaction mixture was diluted to 10 mL
with DMSO and purified by heated preparative HPLC using a Shiseido Capcell Pak C18
column (20 x 250 mm), heated at 60 ºC, with a gradient of 20 to 80% CH3CN with 0.1%
TFA in 40 min. The fractions containing the ligated product were pooled and lyophilized
to give pure 53 (5.0 mg, 0.7 μmol) 34% yield for ligation. Analytical HPLC and HR-MS
confirmed the purity and identity of 53. m/z calculated for C319H492N94O94S7 measured for
[M+H]+: 7367.4653 and 7367.4876 measured.
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Left: Analytical HPLC trace the ligation reaction and of the purified product (heated Shiseido
Capcell Pak C18 analytical column, 10 to 95% CH3CN with 0.1% TFA in 20 min).
Right: HR-ESI-MS Measured and calculated isotopic pattern of the product.

6.13.3. Acm deprotection of linear insulin 54

Acm protected linear insulin 53 (5.0 mg, 0.70 μmol, 1.00 equiv) was dissolved in a 50%
aq. solution of AcOH (3.4 mL, 0.2 mM) containing 34 mg (0.2 mmol) 1% (m/m) AgOAc,
then the mixture was agitated for 1 h at 40 °C in the dark. The reaction was quenched by
the addition of DTT (47 mg, 0.3 mmol), which was dissolved in 1 mL 50% aq. solution of
AcOH and added to the reaction mixture at rt; yellow precipitated formed immediately.
The mixture was agitated for 15 min at rt. The formed precipitation was separated by
centrifugation. The supernatant was withdrawn and the precipitate was washed two
times with 3 mL 50% aq. solution of AcOH. 5.0 mg (20 μmol, 30.0 equiv) TCEP HCl was
added to the solution and incubated for 15 min at rt. The compound was purified by
preparative HPLC using a Shiseido Capcell Pak C18 column (20 x 250 mm), heated at
60 ºC, with a gradient of 20 to 80% CH3CN with 0.1% TFA in 40 min. The fractions
containing the reduced product were pooled and lyophilized to give pure 54 (2.0 mg, 0.3
μmol, 41% yield). Analytical HPLC and HR-MS were used to confirm the purity and
identity of the product. m/z calculated for C301H462N88O88S7 [M+H]+: 6941.2427 and
measured for 6941.2607.
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Top: Analytical HPLC trace of the purified product (heated Shiseido Capcell Pak C18 analytical
column, 10 to 95% CH3CN with 0.1% TFA in 20 min).
Bottom: HR-ESI-MS Measured and calculated isotopic pattern of the product .

6.13.4. Folding of linear insulin 55

Reduced linear insulin 54 (2 mg, 0.3 μmol, 1.0 equiv) was dissolved in 4.0 mL freshly
prepared folding buffer (6 M Gn HCl, 0.3 M Tris, 2mM cysteine hydrochloride, pH 6.6) in
a 50 mL falcon tube and was vigorously stirred open to air at rt. After 1 h 4.0 mL
Millipore H2O was added and the pH was set to 8.2 with 1 M NaOH solution. The
reaction vessel was closed and kept at 4 °C overnight. After 12 h the reaction was left to
warm to rt and 1.0 mL 50% aq. solution of AcOH was added and the product was
isolated by preparative HPLC using a heated Shiseido Capcell Pak C18 Type MG II (10
mm x 250 mm, 5 μm) semi-preparative column. The fractions containing the folded
product were pooled to give pure 55. Analytical HPLC and HR-MS confirmed the purity
and identity of the product. m/z calculated for C301H456N88O88S7 [M+H]+: 6935.1957 and
measured for 6935.2218.
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Left: Analytical HPLC trace the folding reaction and of the purified product (heated Shiseido Capcell
Pak C18 analytical column, 10 to 95% CH3CN with 0.1% TFA in 20 min).
Right: ESI-MS Measured and calculated isotopic pattern of the product

6.13.5.Cleavage of the R-tag and the linker 56

Lyophilized peptide 55 was treated with 5 mL 0.1 M NaOH solution at 0 °C for 10 min.
The reaction was quenched by the addition of 1 mL 50% aq. solution of AcOH solution
and the final product was isolated by preparative HPLC using a heated Shiseido Capcell
Pak C18 Type MG II (10 mm x 250 mm, 5 μm) semi-preparative column to give pure 56
(0.2 mg, 0.12 μmol, 10% yield for three steps). Analytical HPLC and HR-MS confirmed
the purity and identity of the product. m/z calculated for C251H371N63O75S6 [M+H]+:
5659.5478 and measured for 5659.5649.
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Top: Analytical HPLC trace of the purified product (heated Shiseido Capcell Pak C18 analytical
column, 10 to 95% CH3CN with 0.1% TFA in 20 min).
Bottom: HR-MS ESI trace of the purified product. Measured and calculated isotopic pattern of the
product
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6.14. Synthesis of photoprotected Fmoc-ornithine hydroxylamine building block
6.14.1. Synthesis of (RS)-1-(2-Nitrophenyl)ethan-1-ol (57)

1-(2-nitrophenyl)ethan-1-one (20.0 g, 0.12 mol, 1.00 equiv) was dissolved in the mixture
90 ml 1,4-dioxane and 55 ml methanol at 0 °C. Sodium borohydride (9.62 g, 0.25 mol,
2.10 equiv) was added portionwise over the course of 30 min at 0 °C. The mixture was
stirred under nitrogen atmosphere at rt for 2 hours. The reaction was quenched with the
addition of 200 ml acetone. The mixture was diluted with 300 ml Et2O and 300 ml sat.
NH4Cl solution was added. The mixture was vigorously stirred for 15 min. then it was
transferred into a spearatory funnel. The phases were separated, the aqueous phase
was washed with 100 ml diethyl ether. The combined organic phase was washed with
300 ml sat. NH4Cl solution and dried over Na2SO4. The solvents were evaporated and
the crude product was purified by flash column chromatography (hexanes: EtOAc = 4:1)
to give 57 as a colorless oil (18.0 g, 0.11 mol, 90% yield).
1

H NMR (600 MHz, DMSO-d6) δ 7.89 – 7.84 (m, 1H), 7.84 – 7.79 (m, 1H), 7.76 – 7.69

(m, 1H), 7.54 – 7.45 (m, 1H), 5.50 (d, J = 4.4 Hz, 1H), 5.17 – 5.08 (m, 1H), 1.38 (d, J =
6.3 Hz, 3H)
13

C NMR (126 MHz, DMSO) δ 147.42 (C), 141.63 (C), 133.19 (CH), 127.83 (CH), 127.59

(CH), 123.46 (CH), 63.72 (CH), 24.98 (CH3).
IR (cm–1, neat): 3321, 1518, 1352, 1334, 1107, 1076, 746.
HRMS (ESI): calculated for C8H8NO3Na [M+Na]+: 190.0475, found: 190.0474.
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6.14.2.Synthesis of 2,5-dioxopyrrolidin-1-yl (1-(2-nitrophenyl)ethyl) carbonate (58)

57 (5.00 g, 29.91 mmol, 1.00 equiv) and N,N’-disuccinimidyl carbonate (11.49 g, 44.87
mmol, 1.50 equiv) were dissolved in 145 ml CH3CN. Triethylamine (8.34 ml, 59.82 mmol,
2.00 equiv) was added. The reaction was left to stir overnight at rt in the dark. The
mixture was diluted with 300 ml Et2O washed with 10 % aqueous citric acid solution (200
ml) and NH4Cl solution (200 ml) and dried over Na2SO4. The solvents were evaporated
and the crude product was purified by flash column chromatography (hexanes: EtOAc =
5:1 to 7:3) to yield (58) as a white solid (6.30 g, 20.46 mmol, 68% yield).
1

H NMR (600 MHz, DMSO-d6) δ 8.07 – 7.99 (m, 1H), 7.90 – 7.83 (m, 1H), 7.80 (dd, J =

7.9, 1.5 Hz, 1H), 7.70 –, 7.62 (m, 1H), 6.23 (q, J = 6.5 Hz, 1H), 2.77 (s, 4H), 1.74 (d, J =
6.5 Hz, 3H)
13

C NMR (126 MHz, DMSO) δ 169.60 (2xCO), 150.41 (CO), 147.44 (C), 134.33 (CH),

134.23 (C), 129.86 (CH), 127.31 (CH), 124.36 (CH), 75.14 (CH), 25.24 (2xCH2), 21.02
(CH3).
IR (cm–1, neat): 1782, 1736, 1524, 1351, 1257, 1239, 1197.
HRMS (ESI): calculated for C13H12N2O7Na [M+Na]+: 331.0537, found: 331.0538.
6.14.3.Synthesis of 1-(2-nitrophenyl)ethyl ((diethylcarbamoyl)oxy)carbamate (59)

58 (2.66 g, 8.63 mmol, 1.00 equiv) and hydroxylamine hydrochloride (3.00 g,
43.17 mmol, 5 equiv) were dissolved in 72 ml dry DMF. N,N-diisopropylethylamine (9.02
ml, 51.81 mmol, 6.00 equiv) and 4-dimethylaminopyridine (0.11 g, 0.86 mmol, 0.1 equiv)
were added. The reaction was let to stir overnight under nitrogen atmosphere in the dark
at rt. The mixture was diluted with 200 ml Et2O washed with 10 % aqueous citric acid
solution (100 ml) and NH4Cl solution (100 ml) and dried over Na2SO4. The solvents were
evaporated the residue (1.60g) was dissolved in 10 ml dry CH2Cl2. 2.46 ml (14.15 mmol,
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1.60 equiv) N,N-diisopropylethylamine and 0.81 ml (6.37 mmol, 0.74 equiv) Ndiethylcarbamoyl chloride was added. The mixture was left to stir overnight in the dark at
rt. The reaction was monitored by LC-MS and occasionally (in 12 h periods) further Ndiethylcarbamoyl chloride was added (0.35 ml, 2.80 mmol, 0.32 equiv) and left to stir
until the consumption of the starting material. 100 ml Et2O was added and washed with
10 % aqueous citric acid solution (100 ml) and NH4Cl solution (100 ml) and dried over
Na2SO4. The solvents were evaporated and the crude product was purified by flash
column chromatography (hexane: EtOAc = 4:1 to 7:3) to give (59) as a colorless oil
(1.00 g, 3.10 mol, 36% yield).
1

H NMR (600 MHz, DMSO-d6) δ 8.00 (dd, J = 8.2, 1.3 Hz, 1H), 7.84 – 7.77 (m, 1H),

7.69 – 7.63 (m, 1H), 7.63 – 7.55 (m, 1H), 6.07 (q, J = 6.5 Hz, 1H), 3.27 –, 3.19 (m, 4H),
1.57 (d, J = 6.5 Hz, 3H), 1.18 – 0.97 (m, 6H)
13

C NMR (126 MHz, DMSO) δ 155.65 (CO), 154.23 (CO), 147.22 (C), 136.79 (C),

134.15 (CH), 129.10 (CH), 127.09 (CH), 124.29 (CH), 68.46 (CH), 42.39 (CH2), 41.04
(CH2), 21.76 (CH3), 13.84 (CH3), 13.19 (CH3).
IR (cm–1, neat): 3205, 2987, 1764, 1709, 1523, 1247, 788 .
HRMS (ESI): calculated for C14H20N3O6 [M+H]+: 326.1347, found: 326.1346.
6.14.4.

Synthesis

of

tert-butyl

(S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-5-

hydroxypentanoate (60)

Fmoc-Glu(OH)OtBu (5.00 g, 11.8 mmol, 1.00 equiv) was dissolved in 59 ml dry THF and
cooled to -10 °C. N-methylmorpholine (1.29 ml, 11.8 mmol, 1.00 equiv) and ethyl
chloroformate (1.12 ml, 11.8 mmol, 1.00 equiv) were added. The mixture was left to stir
at -10 0C for 30 min then sodium borohydride (1.33 g, 32.3 mmol, 3.00 equiv) was
added. The reaction was stirred for 1 h at -10 0C and 150 ml MeOH was added dropwise
over the course of 1 h. The mixture was left to stir and warm up to rt over the course of 1
h. The mixture was diluted with 200 ml EtOAc and washed with 1 M KHSO4 (200 ml).
The aqueous phase was washed 2 times with 50 ml ethyl acetate. The combined
organic phase washed with NH4Cl solution (100 ml) and dried over Na2SO4. The
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solvents were evaporated and the crude product was purified by flash column
chromatography (hexanes: EtOAc = 4:1 to 7:3) to give 60 as a colorless oil (4.60 g,
11.19 mol, 95% yield).
1

H NMR (600 MHz, DMSO-d6) δ 7.89 (dt, J = 7.6, 0.9 Hz, 2H), 7.76 – 7.71 (m, 2H), 7.67

(d, J = 7.9 Hz, 1H), 7.42 (td, J = 7.6, 0.9 Hz, 2H), 7.33 (td, J = 7.5, 1.2 Hz, 2H), 4.45 (t, J
= 5.0 Hz, 1H), 4.35 – 4.17 (m, 3H), 3.93 – 3.80 (m, 1H), 3.42 – 3.32 (m, 2H), 1.80 – 1.69
(m, 1H), 1.66 – 1.55 (m, 1H), 1.54 – 1.42 (m, 2H), 1.39 (s, 9H)
13

C NMR (126 MHz, DMSO) δ 171.69 (CO), 156.07 (CO), 143.83 (C), 143.77 (C),

141.71 (C), 140.71 (C), 127.62 (2xCH), 127.03 (2xCH), 125.28 (CH), 125.25 (CH),
120.09 (2xCH), 80.35 (C), 65.58 (CH2), 60.14 (CH2), 54.41 (CH), 46.66 (CH), 28.91
(CH2), 27.65 (3xCH3), 27.59 (CH2)
IR (cm–1, neat): 3334, 2976, 1699, 1523, 1151, 1046, 739.
HRMS (ESI): calculated for C24H30NO5 [M+H]+: 412.2118, found: 412.2118.
[α]27D (c = 0.9, CHCl3): +4.9
6.14.5. Synthesis of photoprotected Fmoc-Ornithine hydroxylamine tertbutyl ester (61)

59 (1.00 g, 3.07 mmol, 1.00 equiv) and 60 (1.33 g, 3.23 mmol, 1.06 equiv) were
dissolved in the mixture of 15 ml dry toluene and 5 ml dry THF. 1.61 g (6.15 mmol, 2.00
equiv) PPh3 was added and cooled to 0 °C. 1.83 ml (4.61 mmol, 1.5 equiv) 40% diethyl
azodicarboxylate solution (Aldrich) was added. The reaction was let to stir overnight in
the dark at 0 °C. The formed white precipitate was filtered of. The mixture was diluted
with 100 ml Et2O washed with NH4Cl solution (100 ml) and dried over Na2SO4.
The solvents were evaporated and the crude product was purified by flash column
chromatography (Hexane: EtOAc = 4:1 to 7:3) to give 61 as a colorless oil (1.20 g, 3.10
mmol, 54% yield).
1

H NMR (500 MHz, DMSO-d6) δ 7.99 (dd, J = 8.2, 1.2 Hz, 1H), 7.89 (d, J = 7.5 Hz, 2H),

7.80 – 7.74 (m, 1H), 7.73 – 7.70 (m, 2H), 7.69 – 7.66 (m, 1H), 7.63 (s, 1H), 7.60 – 7.55
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(m, 1H), 7.41 (t, J = 7.4 Hz, 2H), 7.35 – 7.28 (m, 2H), 6.05 (q, J = 6.4 Hz, 1H), 4.35 –
4.25 (m, 2H), 4.25 – 4.18 (m, 1H), 3.94 – 3.85 (m, 1H), 3.56 (s, 2H) 3.32 – 3.21 (m, 4H),
1.79 – 1.51 (m, 7H), 1.37 (s, 9H), 1.09 (dd, J = 17.7, 9.6 Hz, 6H).
13

C NMR (126 MHz, DMSO) δ 171.35 (CO), 156.05 (CO), 153.08 (CO), 147.22 (CO),

143.80 (C), 143.73 (C), 140.71 (2xC), 136.63 (2xC), 134.06 (CH), 129.10 (CH), 127.61
(2xCH), 127.01 (3xCH), 125.21 (2xCH), 124.27 (CH), 120.09 (2xCH), 80.47 (C), 69.32
(CH), 65.58 (CH2), 54.04 (CH), 49.38 (CH2), 46.65 (CH), 42.59 (CH2), 41.18 (CH2),
27.97 (CH2), 27.58 (3xCH3), 23.32 (CH2), 21.83 (CH3), 13.97 (CH3), 13.16 (CH3).
IR (cm–1, neat): 3675, 3333, 2976, 1715, 1220, 1058, 740.
HRMS (ESI): calculated for C38H47N4O10 [M+H]+: 719.3287, found: 719.3282.
6.14.6. Synthesis of photoprotected Fmoc-Ornithine hydroxylamine (62)

61 (1.20 g, 3.10 mmol, 1.00 equiv) was dissolved in 50% TFA/CH2Cl2 mixture and stirred
for 1 h. After TLC and LC-MS indicated full conversion, the solvents were evaporated the
residue dissolved in CH3CN/H2O mixture and was lyophilized to yield 62 (1.00 g,
1.51 mmol, 91%) as off white solid.
The compound was purified by preparative HPLC for analytical purposes.
1

H NMR (600 MHz, DMSO-d6) δ 12.52 (s, 1H) 7.99 (dd, J = 8.2, 1.2 Hz, 1H), 7.89 (d, J

= 7.6 Hz, 2H), 7.80 – 7.74 (m, 1H), 7.74 – 7.69 (m, 2H), 7.68 – 7.59 (m, 2H), 7.61 – 7.53
(m, 1H), 7.41 (t, J = 7.5 Hz, 2H), 7.32 (t, J = 7.4, 2.2, 1.1 Hz, 2H), 6.09 – 6.01 (m, 1H),
4.31 – 4.23 (m, 2H), 4.21 (t, J = 7.2 Hz, 1H) 4.00 – 3.92 (m, 1H) 3.26 (d, J = 7.9 Hz, 6H)
1.84 – 1.59 (m, 4H) 1.55 (d, J = 1.8 Hz, 3H) 1.08 (d, J = 10.1 Hz, 6H)
13

C NMR (126 MHz, DMSO) δ 173.68 (CO), 156.13 (CO), 153.09 (CO), 147.21 (CO),

143.82 (2xC), 140.70 (2xC), 136.69 (2xC), 134.09 (CH), 129.09 (CH), 127.61 (2xCH),
127.03 (3xCH), 125.26 (2xCH), 124.27 (CH), 120.09 (2xCH), 69.33 (CH), 65.61 (CH2),
53.36 (CH), 46.65 (CH), 42.61 (CH2), 41.21 (CH2), 27.89 (CH2), 23.45 (CH2), 21.84
(CH3), 13.97 (CH3), 13.17 (CH3).
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IR (cm–1, neat): 3675, 2988, 2901, 1719, 1407, 1228, 1066.
HRMS (ESI): calculated for C34H39N4O10 [M+H]+: 663.2661, found: 663.2663.
6.15. Synthesis of conjugated insulins
6.15.1. Synthesis of α−Ketoacid segment 63

α−Ketoacid segment 63 was synthesized on Rink-Amide ChemMatrix resin preloaded
with Fmoc-Tyr-α-ketoacid with a loading of 0.11 mmol/g. After capping (Ac2O, Nmethylmorpholine),

the

synthesis

was

performed

on

0.16

mmol

scale

(1.45 g of resin) by automated Fmoc SPPS. Each amino acid (4.00 equiv) with the
exception of Fmoc-Cys(Acm)-OH residues were coupled with HCTU (3.98 equiv) Nmethylmorpholine (8.00 equiv) Fmoc protected amino acid (4.00 equiv) for 45 minutes.
Fmoc-Cys(Acm)-OH (8.00 equiv) residues were coupled with DIC (8.00 equiv) and HOBt
(8.00 equiv) for 2 h after 10 min preactivation of the amino acid and the reagents.
Photoprotected Fmoc-Ornithine hydroxylamine (2.0 equiv) was coupled with HATUT
(2.00 equiv) and N-methylmorpholine (2.00 equiv) for 4 h. The peptide was cleaved from
resin with the following cleavage cocktail: 95 v/v% TFA; 2.5 v/v% DODT; 2.5 v/v% H2O
for 2 h at rt. 10.0 mL cleavage cocktail was used for 1.00 g of peptidic resin. After 2 h the
resin was filtered off and the volatile compounds were removed under reduced pressure.
The peptide was precipitated by the addition of Et2O. The mixture was sonicated for 30
sec and the precipitate was centrifuged (4000 rpm for 5 min). The supernatant was
discarded and the precipite was suspended in Et2O, sonicated and centrifuged down as
described above two times. The crude peptide was dried briefly under high vacuum.
Purification of crude segment 63 was performed by preparative HPLC using heated
Shiseido Capcell Pak C18 column (50 x 250 mm) with a gradient of 20 to 80% CH3CN
with 0.1% TFA in 40 min. The pure product fractions were pooled and lyophilized to
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obtain 63 (140 mg, 38.9 μmol, 24% yield for peptide synthesis, resin cleavage and
purification steps).
Analytical HPLC and HR-MS confirmed the purity and exact mass of the product. m/z
calculated for C165H237N41O46S2 [M+H]+: 3592.6908; 3592.7079 measured.

Top: Analytical HPLC trace of purified 7 (heated Shiseido Capcell Pak C18 analytical
column,10 to 95% CH3CN with 0.1% TFA in 20 min).
Bottom: HR-MS ESI Measured and calculated isotopic pattern of the product

6.15.2. Synthesis of Acm protected linear insulin by KAHA ligation (64)

α−Ketoacid segment 63 (105 mg, 29.0 μmol, 0.80 equiv) and (S)-5-Oxaproline segment
19 (155 mg, 36.6 μmol, 1.00 equiv) were dissolved in DMSO:H2O = 9:1, with 0.1 M
oxalic acid (2.44 mL, 15 mM) and shaked at 60 ºC. The progress of the ligation was
monitored by analytical HPLC using a heated Shiseido Capcell Pak C18 analytical
column, 10 to 95% CH3CN with 0.1% TFA in 20 min. An aliquot of the ligation mixture
(0.1 μL) was taken at various time point, diluted to 12 μL with CH3CN:H2O = 1:1 and
injected on HPLC. The reaction mixture was diluted to 10 mL with DMSO and purified by
heated preparative HPLC using a Shiseido Capcell Pak C18 column (20 x 250 mm),
heated at 60 ºC, with a gradient of 10 to 95% CH3CN with 0.1% TFA in 34 min. The
fractions containing the ligated product were pooled and lyophilized to give pure single
chain insulin (Acm6) 64 (104 mg, 13.3 μmol, 46% yield). Analytical HPLC and HR-MS
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confirmed the purity and identity of 64. m/z calculated for C338H520N98O100S7 measured
for [M+H]+:7775.6662 and 7775.6854measured.

Left: Analytical HPLC trace the ligation reaction and of the purified product (heated Shiseido
Capcell Pak C18 analytical column, 10 to 95% CH3CN with 0.1% TFA in 20 min).
Right: HR-MS ESI Measured and calculated isotopic pattern of the product

6.15.3. Acm deprotection of linear insulin (65)

Acm protected linear insulin 64 (16.0 mg, 2.1 μmol, 1.00 equiv) was dissolved in a 50%
aq. solution of AcOH (10.3 mL, 0.2 mM) containing 103 mg (0.62 mmol) 1% (m/m)
AgOAc, then the mixture was agitated for 1 h at 40 °C in the dark. The reaction was
quenched by the addition of DTT (142 mg, 0.90 mmol), which was dissolved in
2 mL 50% aq. solution of AcOH and added to the reaction mixture at rt; yellow
precipitated formed immediately. The mixture was agitated for 15 min at rt. The formed
precipitation was separated by centrifugation. The supernatant was withdrawn and the
precipitate was washed with 2x5 mL 50% aq. solution of AcOH. 50.0 mg (0.18 mmol,
15.0 equiv) TCEP HCl was added to the solution and incubated for 15 min at rt. The
compound was purified by preparative HPLC using a heated Phenomenex Jupiter (20
mm x 25 mm) column with a gradient of 10 to 80% CH3CN with 0.1% TFA in 40 min. The
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fractions containing the reduced product were pooled and lyophilized to give pure 65
(5.0 mg, 0.68 μmol, 32% yield). Analytical HPLC and HR-MS confirmed the purity and
identity of the product. m/z calculated for C320H490N92O94S7 [M+H]+: 7349.4435 and
measured for 7349.4680.

Top: Analytical HPLC trace of the purified product the (heated Shiseido Capcell Pak C18 analytical
column, 10 to 95% CH3CN with 0.1% TFA in 20 min).
Bottom: MALDI FTMS Measured and calculated isotopic pattern of the product.

6.15.4. Folding of linear insulin (66) and photodeprotection (67)

Reduced linear insulin 65 (9.5 mg, 1.2 μmol, 1.0 equiv) was dissolved in 19.0 mL
freshly prepared folding buffer (6 M Gn HCl, 0.3 M Tris, 2mM cysteine hydrochloride, pH
6.6) in a 50 mL Falcon tube and was vigorously stirred open to air at rt. After 1 h 19.0
mL Millipore H2O was added and the pH was set to 8.2 with 1 M NaOH solution. The
reaction vessel was closed and kept at 4 °C overnight. After 12 h the reaction was left to
warm to rt and was incubated at rt. After 4 h 3.0 mL 50% aq. solution of AcOH was
added. The product was isolated by preparative HPLC using a heated Shiseido Capcell
Pak C18 Type MG II (10 mm x 250 mm, 5 μm) semi-preparative column. The fractions
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containing the folded product were pooled and irradiated for 1 h at 365 nm with a hand
held UV lamp and lyophilized to give 66.
Analytical HPLC and HR-MS confirmed the purity and identity of the product. m/z
calculated for C320H484N92O94S7 [M+H]+: 7343.3966 and measured for 7343.4622 for 65
and calculated for C311H477N91O90S7 [M+H]+: 7150.3591 and measured for 7150.3818 for
66.

a) Analytical HPLC trace of following the folding reaction and of the purified product (heated
Shiseido Capcell Pak C18 analytical column, 10 to 95% CH3CN with 0.1% TFA in 20 min).
b) HR-MS ESI Measured and calculated isotopic pattern of product 65
c) HR-MS ESI Measured and calculated isotopic pattern of product 66
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6.15.5. Rhodamine labeled insulin

Insulin 67 (116 μg, 0.016 μmol, 1.00 equiv) was dissolved in 16 μL CH3CN:H2O = 1:1 +
0.1 TFA solution. Rhodamine KAT (20 μg, 0.024 μmol, 1.50 equiv) was added. The
mixture was agitated at rt. After 2 h the reaction was quenched by the addition of
16 μL 0.2 M NaOH solution at 0 °C. After 15 min incubation at 0 °C 16 μL 50% aq.
solution of AcOH was added and the mixture was purified on analytical RP-HPLC.
Analytical HPLC and HR-MS confirmed the purity and identity of the product. m/z
calculated for C320H484N92O94S7 [M+H]+: 7343.3966 and measured for 7343.4622 for 68
and calculated for C297H424N70O80S6 [M+H]+: 6442.9586 and measured for 6442.9883 for
68.
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Left Analytical HPLC trace of following the reaction and of the purified product (heated Shiseido
Capcell Pak C18 analytical column, 10 to 95% CH3CN with 0.1% TFA in 20 min).
Right HR-MS ESI Measured and calculated isotopic pattern of product.

6.15.6. PEG conjugated insulin

Insulin 67 (200 μg, 0.028 μmol, 1.00 equiv) was dissolved in 28 μL CH3CN:H2O = 1:1 +
0.1 TFA solution. Heterodisperse PEG5000-KAT (210 μg, 0.042 μmol, 2.00 equiv) was
added. The mixture was agitated at rt. After 2 h the reaction was quenched by the
addition of 16 μL 0.2 M NaOH solution at 0 °C. After 15 min incubation at 0 °C 16 μL
50% aq. solution of AcOH was added and the mixture was purified on analytical RPHPLC.
Analytical HPLC and HR-MS confirmed the purity and identity of the product.
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Left Analytical HPLC trace of following the reaction and of the purified product (heated Shiseido
Capcell Pak C18 analytical column, 10 to 95% CH3CN with 0.1% TFA in 20 min).
Right HR-MALDI

6.15.6. Dimeric insulin

Insulin 67 (660 μg, 0.089 μmol, 5.00 equiv) was dissolved in 28 μL CH3CN:H2O = 1:1 +
0.1 TFA solution. Bifunctional PEG3800-KAT reagent (68 μg, 0.018 μmol, 1.00 equiv) was
added. The mixture was agitated at rt. After 12 h the product still equipped with Arg-tag
was isolated on analytical HPLC. The isolated product was treated with 0.1 M NaOH
solution at 0 °C for 15 min. The reaction mixture was analyzed by analytical HPLC and
MALDI-MS.
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Left Analytical HPLC trace of following the reaction and of the crude product (heated Shiseido
Capcell Pak C18 analytical column, 10 to 95% CH3CN with 0.1% TFA in 20 min).
Right MALDi MS trace
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NMR-Spectra – Experimental part
Diethylen glycol bis(4-nitrophenyl carbonate) (1)
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228

1

H, 1H-COSY

1

H, 13C-HSQC

229

Linker II. allyl ester (26a)

230

1

H, 1H-COSY

1

H, 13C-HSQC

231

Linker II. (27a)

232

1

H, 1H-COSY

1

H, 13C-HSQC

233

Fmoc-Lys(NHAlloc)-Asp(OtBu)-OtBu (24b)

234

1

H, 1H-COSY

1

H, 13C-HSQC

235

Fmoc-Lys(NH2)-Asp(OtBu)-OtBu TFA salt (25b)

236

1

H, 1H-COSY

1

H, 13C-HSQC

237

Synthesis of linker III. allyl ester (26b)

238

1

H, 1H-COSY

1

H, 13C-HSQC

239

Linker III. (27b)

240

1

H, 1H-COSY

1

H, 13C-HSQC

241

Fmoc-Lys(NHAlloc)-Thr(tBu)-OtBu (40)

242

1

H, 1H-COSY

1

H, 13C-HSQC

243

Fmoc-Lys(NH2)-Thr(tBu)-OtBu TFA salt (41)

244

1

H, 1H-COSY

1

H, 13C-HSQC

245

Linker IV. allyl ester (42)

246

1

H, 1H-COSY

1

H, 13C-HSQC

247

Linker IV. (43)

248

1

H, 1H-COSY

1

H, 13C-HSQC

249

(RS)-1-(2-Nitrophenyl)ethan-1-ol (57)

250

2,5-dioxopyrrolidin-1-yl (1-(2-nitrophenyl)ethyl) carbonate (58)

251

1

H, 1H-COSY

1

H, 13C-HSQC

252

1-(2-nitrophenyl)ethyl ((diethylcarbamoyl)oxy)carbamate (59)

253

1

H, 1H-COSY

1

H, 13C-HSQC

254

(S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-5-hydroxypentanoate (60)

255

1

H, 1H-COSY

1

H, 13C-HSQC

256

Photoprotected Fmoc-Ornithine hydroxylamine tertbutyl ester (61)

257

1

H, 1H-COSY

1

H, 13C-HSQC

258

Photoprotected Fmoc-Ornithine hydroxylamine (62)

259

1

H, 1H-COSY

1

H, 13C-HSQC

260

261

Curriculum Vitae
Contact

Gábor Norbert Boross
ETH Zürich
HCI E328
Laboratory for Organic Chemistry
Vladimir-Prelog-Werg 3,
CH-8093 Zürich, Switzerland
gboross@org.chem.ethz.ch
Phone: +41-44-633-44-38

Date and place of birth

24.11.1989 in Budapest, Hungary

Education
2016:

Visiting PhD student
Nagoya University, Japan (3 months)

2014 –2018

PhD Candidate in Organic Chemistry
ETH Zürich, Switzerland

2012 – 2014: MSc in Pharmaceutical Chemical Engineering
Budapest University of Technology and Economics (BUTE), Hungary
2008 – 2012: BSc in Chemical Engineering
Budapest University of Technology and Economics (BUTE), Hungary

Research Experience
2013:

Sanofi – Germany; Research and Development
(internship)
2012 – 2013 Sanofi – Hungary; Process Development
(internship/research project)
2010 – 2011: Sanofi – Hungary; Research and Development
(internship/research project)

262

Teaching and Coaching Experience
2017 – 2018 ETH Zürich: Supervising a technician student (Christian Altorfer)
2015 – 2017: ETH Zürich, Laboratory of Organic Chemistry: Head teaching
assistant for Organic and Inorganic Chemistry Praktikum I.
2011, 2013: Budapest University of Technology and Economics, Department
of Inorganic and Analytical Chemistry:
Teaching assistant for Inorganic chemistry Praktikum

Awards
2014:

Award for excellent master thesis – by Budapest University
of Technology and Economics and Pro Progressio foundation

Publication
Boross, G. N.; Shimura, S.; Besenius, M.; Tennagels, N.; Rossen, K.; Wagner, M.;
Bode, J. W.: Facile folding of insulin variants bearing a prosthetic C-peptide prepared
by α-ketoacid-hydroxylamine (KAHA) ligation. Chem. Sci. 2018,
DOI:10.1039/C8SC03738H

Presentations
04.09.2018:

Sanofi PhD Report, presentation (Sanofi, Frankfurt, Germany)

21.11.2017:

Sanofi Theses Days, Poster and presentation (Sanofi, Paris, France)

18.10.2016:

Sanofi Theses Days, Poster and presentation (Sanofi, Paris, France)

30.10.2012:

Sanofi Innovation Days, Presentation (Sanofi, Budapest, Hungary)

263

